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F O R E W O R D  
T his t h esis w as  c o m missi o n e d b y  P osi v a O y a n d w as d o n e b et w e e n D e c e m b er 2 0 1 8 a n d 
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Hiir o n e n w h o m a d e t hi s T h esis p ossi bl e fr o m t e c h ni c al p ers p e cti v e.  
I als o r e c ei v e d a l ot of h el p fr o m J er e L a h d e n p er ä fr o m P osi v a a n d fr o m P a ulii n a A alt o 
a n d Tii n a V aitti n e n fr o m P ö yr y d uri n g t h e pr oj e ct a n d t h er ef or e I w o ul d li k e t o e x pr ess 
m y gr atit ut e t o t h e m. I  w o ul d als o li k e t o t h a n k t h e P R A -u nit fr o m P osi v a w h o h el p e d i n 
t h e fi el d d uri n g t h e pr oj e ct. 
I w o ul d als o li k e t o t h a n k m y p ar e nts w h o h a v e s u p p ort e d m y st u di es t hr o u g h o ut t h e 
y e ars. I a m gr at ef ul als o f or m y fri e n ds a n d girlfri e n d w h o h a v e b e e n s u p p ort i n g m e 
d uri n g t hi s pr oj e ct.  
 





T A B L E O F C O N T E N T S   
1 I N T R O D U C TI O N  ......................................................................................................... 1  
2 B A C K G R O U N D  ........................................................................................................... 3  
2. 1 O v er vi e w  ................................................................................................................. 3  
2. 2 G e ol o gi c al o v er vi e w  ............................................................................................... 4  
2. 2. 1 Gr o u n d w at er  .................................................................................................. 4  
2. 2. 2 G e ol o g y  ........................................................................................................ 1 0  
3 O L KI L U O T O SI T E  ..................................................................................................... 1 1  
3. 1 G e ol o g y  ................................................................................................................. 1 2  
3. 2 S urfi ci al g e ol o g y  ................................................................................................... 1 4  
3. 3 H y dr o g e ol o g y  ........................................................................................................ 1 5  
3. 4 H y dr o g e o c h e mi str y  ............................................................................................... 1 8  
3. 5 O N K A L O ®  ........................................................................................................... 1 9  
3. 6 K or v e ns u o r es er v oir  .............................................................................................. 2 1  
4 O L -K R 6 A R E A  ............................................................................................................ 2 3  
4. 1 O v er vi e w  ............................................................................................................... 2 3  
4. 2 I nt ers e cti n g str u ct ur es  ........................................................................................... 2 3  
4. 2. 1 G e ol o g y  ........................................................................................................ 2 3  
4. 2. 2 H y dr o g e ol o g y  .............................................................................................. 2 5  
5 I N V E S TI G A TI O N E Q UI P M E N T A N D M E T H O D S U S E D B Y P O SI V A  ............... 2 8  
5. 1 H y dr ol o g y a n d h y dr o g e ol o g y  ............................................................................... 2 8  
5. 1. 1 M o nit or e d p ar a m et ers of t h e O M O pr o gr a m m e  .......................................... 2 8  
5. 1. 2 P osi v a Fl o w L o g dirr ef e n c e fl o w m et er ( P F L DI F F)  .................................. 2 8  
5. 1. 3 P osi v a Fl o w L o g d o u bl e p a c k er pr ess ur e pr o b e ( P F L D O P P)  .................... 3 1  
5. 1 . 4 M ulti-p a c k er s yst e m  .................................................................................... 3 2  
5. 1. 5 G W M S  ......................................................................................................... 3 4  
5. 2 H y dr o g e o c h e mi str y  ............................................................................................... 3 6  
5. 2. 1 M o nit or e d p ar a m et ers of t h e O M O pr o gr a m m e  .......................................... 3 6  
5. 2. 2 Pr ess uris e d s a m pli n g wit h P A V E e q ui p m e nt  .............................................. 3 7  
5. 2. 3 Fi el d m o nit ori n g s yst e m ( K e n n ost o)  ........................................................... 3 8  
6 L O N G -T E R M P U M PI N G T E S T i N O L -K R 6  ............................................................ 4 0  
6. 1 R es ult s a n d t h e o bs er v e d c h a n g es i n h y dr o g e ol o g y a n d h y dr o g e o c h e mi str y n e ar 




6. 1. 1 H y dr o g e ol o g y  .............................................................................................. 4 1  
6. 1. 2 H y dr o g e o c h e mi str y  ...................................................................................... 4 3  
7 A N I N T E R F E R E N C E T E S T  ....................................................................................... 4 5  
7. 1 I nt erf er e n c e t est e q ui p m e nt s p e c ifi c ati o ns ............................................................ 4 7  
7. 1. 1 E q ui p m e nt o v er vi e w ( p u m pi n g)  .................................................................. 4 7  
7. 1. 2 E q ui p m e nt o v er vi e w ( o v er pr ess ur e)  ............................................................ 5 1  
7. 1. 3 M P p u m p  ..................................................................................................... 5 2  
7. 2 Pl a n ni n g of t h e i nt erf er e n c e t est  ............................................................................ 5 2  
7. 3 I nt er pr et ati o n  ......................................................................................................... 5 6  
7. 3. 1 H y dr a uli c h e a d  ............................................................................................. 5 6  
7. 3. 2 H y dr a uli c h e a d b as e d o n P F L m e as ur e m e nts  .............................................. 5 7  
7. 3. 3 H y dr a uli c r es p o ns e s  ..................................................................................... 5 8  
7. 4 Fi el d w or k  ............................................................................................................. 5 9  
7. 5 R es ult s  ................................................................................................................... 6 1  
7. 5. 1 T h e first p u m pi n g  ........................................................................................ 6 2  
7. 5. 2 T h e s e c o n d p u m pi n g  .................................................................................... 6 6  
7. 5. 3 T h e t hir d p u m pi n g  ....................................................................................... 6 7  
7. 5. 4 T h e f o urt h p u m pi n g  ..................................................................................... 7 0  
7. 5. 5 T h e fift h p u m pi n g  ........................................................................................ 7 3  
7. 5. 6 P F L D O P P i n O L -K R 4 2  .............................................................................. 7 6  
7. 5. 7 T h e si xt h p u m pi n g  ....................................................................................... 7 7  
7. 5. 8 U n c ert ai niti es of t h e p u m pi n gs  .................................................................... 8 0  
7. 5. 9 Dis c ussi o n a n d r e c o m m e n d ati o ns  ................................................................ 8 1  
8 DI S C U S SI O N A N D C O N C L U SI O N S ........................................................................ 8 4  
9 S U M M A R Y  ................................................................................................................. 9 1  
R E F E R E N C E S  ................................................................................................................ 9 3  
A P P E N DI C E S  ................................................................................................................ 9 9  
 
A P P E N DI C E S:  
 
A p p e n di x 1. H y dr o g e o c h e mi c al r es ult s of O L -K R 6 l o n g -t er m p u m pi n g t est 
A p p e n di x 2. T h e P F L D O P P r es ult s of O L -K R 4 2.  








A B B R E VI A TI O N S  
ρ  d e nsit y of t h e w at er  
δ S  gr o u n d w at er st or a g e  
𝑑 ℎ
𝑑 𝑠
 h y dr a uli c gr a di e nt  
A  cr oss -s e cti o n al ar e a  
a  c yli n dri c al fl o w p ar a m et er  
E T  e v a p otr a ns pir ati o n ( c o m bi n e d e v a p or ati o n a n d tr a ns pir ati o n)  
G R  gr o u n d w at er dis c h ar g e  
g  a c c el er ati o n of gr a vit y  
h  h y dr a uli c h e a d  
h 1  h y dr a uli c h e a d f ar fr o m drill h ol e  
h 1 , h2  w at er l e v els  
h 2  h y dr a uli c h e a d i n t h e drill h ol e  
h p  pr e ss ur e h e a d  
h pfl  h y dr a uli c h e a d ( m a sl)  
h s h y dr a uli c h e a d of t h e s e cti o n f ar fr o m  t h e drill h ol e. 
K  h y dr a uli c c o n d u cti vit y  
K s h y dr a uli c c o n d u cti vit y i n t h e s dir e cti o n  
l dist a n c e  
P  pr e ci pit ati o n  
p  pr e ss ur e w at er c ol u m n  
p a b s  a bs ol ut e pr e ss ur e  
p b  at m os p h eri c pr e ss ur e  
Q  fl o w 
Q f0  fr a ct ur e fl o w r at e 
Q n  fr a ct ur e fl o w r at e 
Q s dis c h ar g e i n t h e s dir e cti o n  
Q s 2 pr e di ct e d fl o w  
q  v ol u m etri c fl o w r at e p er u nit s urf a c e ar e a  
R  r a di us of i nfl u e n c e 




S R  r u n off  
T P F L  tr a ns missi vit y b a s e d o n P F L m e a s ur e m e nts 
z  el e v ati o n h e a d  
Cl  c hl ori d e  
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1  I N T R O D U C TI O N  
P osi v a O y is r es p o nsi bl e f or r es e ar c h a n d d e v el o p m e nt a cti viti es r el at e d t o t h e fi n al 
dis p os al of t h e s p e nt n u cl e ar f u el of it s o w n ers, T V O ( T e ollis u u d e n V oi m a) Pl c a n d 
F ort u m P o w er a n d H e at Pl c o n Ol kil u ot o  i n E ur aj o ki. P osi v a O y w as est a bli s h e d i n 1 9 9 5.  
S it e i n v esti g ati o ns r el at e d t o t h e fi n al dis p os al h a v e b e e n c arri e d o ut o n Ol kil u ot o  si n c e 
t h e 1 9 8 0s. 
O L -K R 6 is a 6 0 1 -m et er -l o n g drill h ol e l o c at e d i n t h e n ort h er n p arts of t h e Ol kil u ot o 
Isl a n d. A  l o n g-t er m p u m pi n g t est t o o k pl a c e b et w e e n 2 0 0 1 a n d 2 0 1 9. D uri n g t h is t est, t h e 
gr o u n d w at er q u alit y i n t h e ar e a w as  m o nit or e d b ot h b y i n -sit u m e as ur e m e nts a n d b y 
t a ki n g gr ou n d w at er s a m pl es f or c h e mi c al a n al ysi s. Fl o w m e as ur e m e nts h a v e als o b e e n 
p erf or m e d o n a r e g ul ar b asis wit h t h e P F L ( P osi v a Fl o w L o g ) d e vi c e . P osi v a h as b e e n 
d e v el o pi n g t h e h y dr o g e ol o gi c al m o d el of t h e ar e a b as e d o n t hi s gr o u n d w at er d at a.  
T h e ai m of t hi s l o n g -t er m p u m pi n g t est h as b e e n t o m o nit or t h e eff e cts of a  l o n g-t er m 
p u m pi n g o n t h e  gr o u n d w at er e n vir o n m e nt. T his k n o wl e d g e h el ps t o u n d erst a n d t h e 
eff e cts c a us e d b y t h e c o n str u cti o n of t h e O N K A L O ®  u n d er gr o u n d  r es e ar c h f a cilit y a n d 
t h e s p e nt n u cl e ar f u el r e p osit or y.  
T h e h y dr o g e o c h e mi str y r es ult s of t h e O L -K R 6 , w hi c h w er e dis c o v er e d d uri n g t h e l o n g -
t er m p u m pi n g t est w er e r el at e d t o t h e dil uti o n of s ali nit y of t h e gr o u n d w at er. T his w as 
o bs er v e d e s p e ci all y in t h e br a c kis h w at er z o n e. Als o, t h e s ul p h at e c o n c e ntr ati o n h as 
d e cr e as e d o v er  t h e y e ars. 
D uri n g t h e l o n g-t er m p u m pi n g t est , it w as  dis c o v er e d t h at s o m e of t h e o bs er v e d 
p h e n o m e n a c a n n ot b e e x pl ai n e d b y t h e c urr e nt h y dr o g e ol o gi c al m o d el:  
  H Z 2 1 i nt ers e cti o n o n O L -K R 6; m o d ell e d r es p o n s es w er e  n ot s e e n o n t h e fi el d 
d at a  
  P ossi bl e c o n n e cti o n t o H Z 2 0 A s yst e m fr o m t h e d e pt h of 5 9  m fr o m O L -K R 6  
  C o nti n u ati o n of H Z L 4 t o w ar ds O L -K R 4 2  




  T h er e w er e n oti c e d s o m e h y dr a uli c r es p o ns es o utsi d e t h e H Z z o n es at  t h e u p p er 
p arts of t h e b e dr o c k  
T h e r es ult s of t h e p u m pi n g t est b et w e e n 2 0 1 3  a n d 2 0 1 9  w er e  us e d t o d esi g n a m or e 
d et ail e d  i nt erf er e n c e t est at t h e ar e a .  
T h e ai m of t hi s t h esis w a s t o pl a n a n i nt erf er e n c e t est b as e d o n  b ot h l o n g -t er m p u m pi n g 
t est r es ult s a n d t h e c urr e nt h y dr o g e ol o gi c al m o d el. T h e r es ult s of t hi s i nt erf er e n c e t est 
w er e pl a n n e d t o v erif y t h e h y dr a uli c c o n n e cti o ns o n t h e n ort h er n p arts of Ol kil u ot o  Isl a n d.  
A n o t h er ai m of t he  t h esi s w a s t o s u g g est w a ys t o d e v el o p  t h e c urr e nt h y dr o g e ol o gi c al 
m o d el of t h e n ort h er n p arts of Ol kil u ot o sit e. T h e  s u g g esti o ns  t h at w er e m a d e w er e  b as e d 




2  B A C K G R O U N D  
2. 1  O v e r vi e w  
T h er e ar e t w o n u cl e ar c o m p a ni es o p er ati n g i n Fi nla n d: T V O Pl c ( T e ollis u u d e n V oi m a 
O yj) a n d F ort u m P o w er a n d H e at Pl c ( F ort u m P o w er a n d H e at O y). T h er e is als o o n e 
ot h er n u cl e ar c o m p a n y i n Fi nl a n d ( F e n n o v oi m a Pl c) w h os e n u cl e a r p o w er pl a nt 
c o nstr u cti o n  h as n ot y et  st art e d, b ut t h e l o c ati o n h a s b e e n s el e ct e d  in t h e n ort h er n Fi nl a n d  
i n t h e H a n hi ki vi  ar e a of  P y h äj o ki , w hi c h is l o c at e d 1 0 0 kil o m etr es  s o ut h of  O ul u.  
A c c or d i n g t o t h e N u cl e ar E n er g y A ct ( 1 1. 1 2. 1 9 8 7/ 9 9 0) , a n u cl e ar o p er ati n g li c e ns e e 
s h o ul d t a k e c ar e of t h e n u cl e ar w ast e g e n er at e d fr o m it s o p er atio ns , a n d th e a m o u nt of 
n u cl e ar w ast e s h o ul d b e k e pt  as l o w as p ossi bl e.  
P osi v a O y is a n e x p ert or g a n is ati o n o w n e d b y T V O Pl c a n d F ort u m P o w er a n d H e at Pl c. 
P osi v a O y w as est a bli s h e d i n 1 9 9 5. It i s r es p o nsi bl e f or r es e ar c h  a n d d e v el o p m e nt of  t h e 
fi n al dis pos al of s p e nt n u cl e ar f u el a n d t h e dis p os al of s p e nt n u cl e ar f u el b y it s o w n ers. 
P osi v a h as b e e n c o nstr u ct i n g a n  u n d er gr o u n d r e s e ar c h f a cilit y c all e d O N K A L O si n c e 
2 0 0 4. P osi v a ’s c o nstr u cti o n li c e ns e a p pli c ati o n  f or a s p e nt n u cl e ar f u el r e p osit or y  w as 
s u b mi tt e d t o t h e C o u n cil of St at e i n 2 0 1 2 , a n d w as a c c e pt e d i n N o v e m b er 2 0 1 5. I n t h e 
f ut ur e, O N K A L O f a ciliti es will  b e util is e d as p art of  t h e s p e nt n u cl e ar f u el r e p osit or y.  
T h e eff e cts of t h e c o nstr u cti o n  of O N K A L O a n d t h e r e p osit or y  ar e m o nit or e d b y 
m e as uri n g a n d tr a c ki n g n u m er o us p ar a m et ers r el at e d t o h y dr ol o g y  a n d h y dr o g e ol o g y , 
h y dr o g e o c h e mi str y, t h e e n vir o n m e nt, r o c k m e c h a ni cs a n d f or ei g n m at eri als . T h e 
h y dr ol o gi c al  a n d h y dr o g e ol o gi c al  m o nit ori n g ( t o w hi c h t h e l on g -t er m p u m pi n g t est of 
O L -K R 6 w a s cl os el y r el at e d) i n cl u d e s  m o nit ori n g of : gr o u n d w at er l e v el, h y dr a uli c h e a d 
of gr o u n d w at er, fl o w c o n diti o ns of o p e n h ol es, h y dr a uli c  c o n d u cti vit y, pr e ci pit ati o n 
(i n cl u di n g s n o w), s e a w at er l e v el, s urf a c e dr ai n a g e, i nfiltr ati o n, r u n off w at ers i n 
O N K A L O  a n d t h e K or v e ns u o b asi n w at er b al a n c e ( V aitti n e n   et al.  2 0 1 8).  
T h er e ar e  a t ot al of  5 8  d e e p  drill h ol es o n Ol kil u ot o  Isl a n d. Wit h s o m e d e e p drill h ol es 




t h e u p p er p arts of t h e b e dr oc k.  I n a d ditio n t o d e e p drill h ol es , t h er e ar e gr o u n d w at er 
o bs er v ati o n t u b es i n t h e o v er b ur d e n ( O L -P V P h ol e s) a n d s h all o w c or e drill e d h ol es i n t h e 
b e dr o c k ( O L -P P h ol es). I n t h e O L -P V P h ol es , t h er e is a p erf or at e d s e cti o n fr o m w hi c h  
gr o u n d w at er g ets  t o t h e t u b e. I n t h e O L -P V P a n d O L -P P h ol es , P osi v a is i n v esti g ati n g 
t h e c h e mi c al pr o p erti es of t h e gr o u n d w at er yi el d, h y dr a uli c pr o p erti es ( b y m e a ns of 
S L U G -t ests), et c. I n t h e O L -K R h ol es ( d e e p drill h ol es) , P osi v a is i n v esti g ati n g t h e 
c h e mi c al pr o p erti es  of t h e gr o u n d w at er , w at er fl o ws i n t h e fr a ct ur es, t h e h y dr a uli c h e a d 
of t h e h y dr o g e ol o gi c al z o n es , et c.  
2. 2  G e ol o gi c al o v e r vi e w  
2. 2. 1  G r o u n d w at e r  
I n t hi s s e cti o n pr o p erti e s of t h e gr o u n d w at er ar e pr es e nt e d i n g e n er al. M or e a c c ur at e 
d es cri pti o n of gr o u n d w at er i n Ol kil u ot o a r e pr es e nt e d o n s e cti o ns 3. 3 & 3. 4. 
Gr o u n d w at er is  w at er i n a  s at ur at e d z o n e  i n t h e s oil or b e dr o c k, w hi c h h as  (i n m ost c as es) 
i nfiltr at e d fr o m r ai n or s n o w m elt w at er. A q uifer is a gr o u n d w at er f or m ati o n . T h e w at er 
c o n d u cti vit y is  r el ati v el y hi g h in a q uif e rs ( G T K 2 0 1 9).  
S u bs urf a c e w at ers i. e. gr o u n d w at ers c a n b e di vi d e d i nt o t w o diff er e nt m ai n c at e g ori es. 
T h e u p p er  o n e is a v a d os e z o n e , i. e. u ns at ur at e d z o n e a n d t h e l o w er o n e  is a p hr e ati c z o n e , 
i. e. s at ur at e d z o n e. T h e u ns at ur at e d z o n e is a b o v e t h e w at er t a bl e w h er e t h e p or e w at er 
pr ess ur e is l ess t h a n at m os p h eri c. G e n er all y,  t h er e is b ot h air a n d w at er i n t h e p or e s p a c es 
i n a n  u ns at ur at e d z o n e  ( Fitts 2 0 1 2).  
T h e b o u n d ar y b et w e e n a n u ns at ur at e d a n d s at ur at e d z o n e is t h e w at er t a bl e w h er e t h e 
p or e w at er pr e ss ur e e q u als at m os p h eri c pr ess ur e . T h e c a pill ar y fri n g e is a z o n e s at ur at e d 
wit h w at er b ut it is a b o v e t h e w at er t a bl e.  B el o w t h e w at er t a bl e is t h e s at ur at e d z o n e 
w h er e p or es ar e s at ur at e d wit h w at er a n d t h e w at er pr ess ur e is gr e at er t h a n at m os p h eri c  
( Fitts 2 0 1 2).  
T h e i nfiltr ati n g w at er n e e ds a p or o us s p a c e o n t h e s oil or b e dr o c k, i n or d er f or 




f or m ati o n) is a pr er e q uisit e  f or gr o u n d w at er f or m ati o n ( M äl k ki 1 9 9 9). A p or o us s p a c e  
c o ul d b e , f or e x a m pl e, fr a ct ur es/fr a ct ur e z o n es in t h e b e dr o c k.  
A p pr o xi m at el y 0. 5 3 % of w at er o n E art h is gr o u n d w at er  ( M äl k ki 1 9 9 9). Gr o u nd w at er 
o c c urs as s h all o w gr o u n d w at er i n t h e s oil or as d e e p gr o u n d w at er i n t h e b e dr o c k ( M äl k ki 
1 9 9 9).  T his t h esis f o c us e s m ai nl y o n  gr o u n d w at er i n t h e b e dr o c k.  
M ost h y dr o g e ol o gi c al i n v esti g ati o ns ar e r el at e d t o t h e fl o wi n g pr o p erti es of gr o u n d w at er: 
w h er e a n d h o w m u c h gr o u n d w at er is m o vi n g. M o st of t h es e i n v esti g ati o ns ar e r el at e d t o 
w at er s u p pl y  i n g e n er al ( Fitts 2 0 1 2). T h e fl o w pr o p erti es of gr o u n d w at er h a v e b e e n 
d es cri b e d b y D ar c y's L a w ( Fitts 2 0 1 2).  
D ar c y's L a w c a n b e e x pr ess e d f or o n e -di m e nsi o n al fl o w as f oll o ws ( Fitts 2 0 1 2):  
𝑑 𝑑 =  − 𝑠 𝑠
𝑑 ℎ
𝑑 𝑠
𝐴      ( 1)
  
w h er e  
  Q s= is di s c h ar g e i n t h e s dir e cti o n 




= is t h e h y dr a uli c gr a di e nt ( di m e nsi o nl ess)  
  A = cr oss -s e cti o n al ar e a  
T h e c o nst a nt K s is a pr o p ert y of g e ol o gi c m e di u m. H y dr a uli c c o n d u cti vit y Ks r e pr es e nts 
h o w e asil y t h e m e di u m tr a ns mit s w at er. T h e hi g h er t h e K s t h e hi g h er a m o u nt of 
tr a ns mitt e d w at er t hr o u g h t h e m e di u m. T h e mi n us si g n is us e d f or h y dr a uli c h e a d 
d e cr e as es i n t h e dir e cti o n of fl o w. I n t hi s w a y , if fl o w is p ositi v e i n t h e s dir e cti o n, Q s is 
p ositi v e  a n d h y dr a uli c gr a di e nt 
𝑑 ℎ
𝑑 𝑠
  is n e g ati v e (Fitts 2 0 1 2) . 
D ar c y`s L a w is g e n er all y v ali d f or gr a n ul ar m at eri al w h er e t h e l a mi n ar fl o w is c o m m o n, 
f or e x a m pl e in s oil . I n t his w a y, it is e x pr ess e d as dis c h ar g e  p er cr oss -s e cti o n al ar e a  a n d 






= 𝑠 =  − 𝑠
( ℎ 1 − ℎ 2 )
𝑑
=  − 𝑑
𝑠 ℎ
𝐴𝑑
    ( 2) 
w h er e  
  q is t h e v ol u m etri c fl o w r at e p er u nit s urf a c e ar e a, wit h u nits of v el o cit y,  
  K is a c o nst a nt of pr o p orti o n alit y ( h y dr a uli c c o n d u cti vit y),  
  Q is fl o w,  
  A is cr oss -s e cti o n a l ar e a,  
  h 1 a n d h 2 ar e w at er l e v el s, a n d  
  l i s dist a n c e. 
E q u ati o ns 1 a n d 2 ar e b a si c all y t h e s a m e. B ot h w a ys ar e i ntr o d u c e d i n or d er t o d es cri b e 
b ett er t h e h y dr a uli c gr a di e nt. T h e u n d erst a n di n g of D ar c y's L a w h el ps t o u n d erst a n d 
h y dr o g e ol o g y.  T h er e is als o  a s ol uti o n f or t hr e e -di m e nsi o n al fl o w ( pr es e nt e d e. g.  i n Fitts  
(2 0 1 2 )). I n t hi s t h esis, D ar c y's L a w it s elf h a s n ot b e e n util is e d. It is pr es e nt ed o nl y f or 
b a c k gr o u n d  k n o wl e d g e.  D ar c y 's L a w is pr es e nt e d  h er e  b e c a us e it is vi d el y us e d i n 
P osi v a's ot h er h y dr o g e ol o gi c al a n al ys es a n d m o d elli n g a n d, i n g e n er al, ai ds i n 
u n d erst a n di n g diff er e nt h y dr o g e ol o gi c al p h e n o m e n a.  
Tr a ns mi ssi vit y d es cri b es of h o w e asil y a l a y er tr a ns mits w at er. B asi c all y it is a n 
i nt e gr at e d p ar a m et er of h y dr a uli c c o n d u cti vit y of s o m e s p e cific l a y er ( Fitt s 2 0 1 2) . P F L 
tr a ns mi ssi vit y c a n b e c al c ul at e d as f oll o ws ( P e k k a n e n & K o m ul ai n e n 2 0 x x - i n pr e p.): 
ℎ f =
ℎ 0 − 𝑑 ℎ 1
1 − 𝑠
      ( 3) 
𝑑 P F L =
1
𝑑
𝑠 f0 − 𝑄 f1
ℎ 1 − ℎ 0
        ( 4) 
W h er e  
  Q f 0 & Q n  ar e t h e fl o w r at es of fr a ct ur es  
  h 1 is h y dr a uli c h e a d f ar fr o m drill h ol e 




P F L tr a ns mi ssi vit y ( T P F L ) is b asi c all y s p e cifi c c a p a c y (
𝑑 𝑑
𝑠 ℎ
) i n c as es w h er e t h e r a di us of 
i nfl u e n c e is ass u m e d t o b e c o nst a nt ( R = 1 9 m) as m e nti o n e d i n s e cti o n 7. 2  i n t hi s t h esis. 
(P e k k a n e n & K o m ul ai n e n 2 0 x x - i n pr e p). P e k k a n e n & K o m ul ai n e n ( 2 0 x x - i n pr e p) h a v e 
d es cri b e d t h e d efi niti o n of T P F L  v al u es b ett er.  
T h e diffi c ulti es  of t h e esti m ati o n of gr o u n d w at er fl o w ar e r el at e d t o t h e fl o w i n fr a ct ur e d 
r o c k. A c c or di n g t o Fitts ( 2 0 1 2) , t h e diffi c ulti es  ar e r el at e d t o t h e f a ct t h at fl o w o c c urs 
al o n g dis cr et e fr a ct ur es. T h e pr o p erti es of dis cr e t e fr a ct ur es ar e us u all y u n k n o wn . Us u all y 
t h e l o c ati o n, ori e nt ati o n a n d wi dt h of w at er -b e ari n g fr a ct ur es ar e  diffi c ult t o d et er mi n e 
( Fitts 2 0 1 2). I n t hi s t h esis, t h e af or e m e nti o n e d  pr o p erti es of t h e fr a ct ur es ar e b ett er k n o w n  
d u e t o t h e h u g e  n u m b er  of dril l h ol es a n d i n v e sti g ati o ns  in t h e Ol kil u ot o ar e a. O n e 
u n c ert ai nt y is t h at f l o w i n l ar g er fr a ct ur es c o ul d b e t ur b ul e nt as  o p p os e d t o l a mi n ar , w hi c h 
m e a ns t h at D ar c y's L a w c a n n o t b e utilis e d ( Fitts 2 0 1 2). 
T h e l ar g est gr o u n d w at er f or m ati o ns i n  Fi nl a n d ar e l o c a t e d o n es k ers or t er mi n al m or ai n es 
i n t h e S al p a uss el k ä r e gi o n ( S al o n e n et al. 2 0 0 2). T h e h y dr a uli c c o n d u cti vit y of t h e 
cr yst alli n e b e dr o c k i n Fi nl a n d is p o or i n g e n er al. F or t hi s r e as o n , t h e l ar g est b e dr o c k 
gr o u n d w at ers of Fi nl a n d ar e l o c at e d in t h e s h e ar z o n es ( M äl k ki 1 9 9 9).  
T h e a m o u nt of f or mi n g gr o u n d w at er c a n b e d es cri b e d b y t h e  w at er b al a n c e e q u ati o n  
( His c o c k 2 0 0 5): 
𝑠 = 𝑑 𝑑 + 𝑠 𝐴 + 𝑑 𝑑  ± 𝑠 𝑑      ( 5) 
w h er e  
  P is pr e ci pit ati o n,  
  E T is e v a p otr a ns pir ati o n ( c o m bi n e d e v a p or ati o n a n d tr a ns pir ati o n)   
  S R  is r u n off,  
  G R  is gr o u n d w at er dis c h ar g e  a n d  
  δ S is c h a n g e i n t h e a m o u nt of w at er st or e d i n t h e ar e a d uri n g a ti m e p eri o d (i. e. 




T h e w at er b al a n c e e q u ati o n h a s b e e n util is e d i n esti m ati n g t h e w at er b al a n c e of t h e 
K or v e ns u o r es er v oir at Ol kil u ot o (S e cti o n  3. 6). T h e e q u ati o n is us e d t o d efi n e t h e a m o u nt 
of w at er fr o m K or v e ns u o r es er v oir t h at h as i nfiltr at e d t h e s oil  a n d b e dr o c k. I n t hi s t h esis , 
h o w e v er , t h e i nfiltr ati o n of K or v e ns u o r es er v oir is n o t t a k e n i nt o a c c o u nt. D u e t o t h e f a ct 
t h at, al t h o u g h t h e r es er v oir aff e ct s t h e  gr o u n d w at er s yst e m, t h e eff e cts w e r e r el ati v el y 
s m all d uri n g t h e i nt erf er e n c e t est  ( b e c a us e of s h ort ti m e p eri o d).  
T h e  n u m b er of diff er e nt f e at ur es aff e cti n g  t h e gr o u n d w at er q u alit y is si g nifi c a nt. T h es e  
f e at ur es i n cl u d e t h e a m o u nt, c o m p ositi o n a n d diss ol vi n g p o w er of i nfiltr at e d w at er , a n d 
t h e str u ct ur al m at eri al of a q uif er a n d bi ol o gi c al a cti vit y d uri n g i nfiltr ati o n. All t h e f e at ur es 
aff e ct diff er e ntl y u n d er diff er e nt  cir c u mst a n c es  ( M äl k ki 1 9 9 9). It s h o ul d b e r e m e m b er e d 
t h at t h es e f a cts ar e r el ati n g t o u p p er p arts of t h e b e dr o c k a n d s oil a n d t h er ef or e it s h o ul d 
b e s e gr e g at e d fr o m d e e p gr o u n d w at er s i n Ol kil u ot o. 
O x y g e n pl a ys a k e y r ol e i n gr o u n d w at er c h e mi str y . T h e gr o u n d w at er z o n e c a n b e eit h er 
o xi d isi n g or r e d u ci n g , d e p e n di n g o n t h e s u p pl y of o x y g e n i n t h e z o n e  ( M äl k ki 1 9 9 9). T his 
f e at ur e c a n v ar y i nsi d e t h e a q uif er. Us u all y t h er e i s l ess o x y g e n i n t h e b ott o m p art of t h e 
a q uif er t h a n i n t h e u p p er p art ( M äl k ki 1 9 9 9). T h e c h a n g e t o a n a er o bi c c o n diti o ns i n 
gr o u n d w at er at Ol kil u ot o is at s h all o w d e pt hs, s o m e i n di c ati o ns h a v e b e e n g at h er e d t h at 
a er o bi c w at ers h a v e i ntr u d e d t o l ess t h a n 1 0 m i n t h e h ist or y of Ol kil u ot o ( P osi v a 2 0 1 2 b). 
A c c or di n g t o M äl k ki ( 1 9 9 9) , t h e v ari ati o n of t h e o x y g e n c o n c e ntr ati o n o c c urs 
h ori z o nt all y a n d us u all y als o v erti c all y i n e a c h a q uif er. T h is v ari ati o n aff e cts i o ns t h at ar e 
e asil y o xi d is e d or r e d u c e d, s u c h as ir o n, m a n g a n e s e, nitrit e a n d a m m o ni u m. 
T h e c h e mi str y  of w at er c h a n g es d uri n g i nfiltr ati o n t hr o u g h t h e s oil a n d b e dr o c k. T h er e is 
pl e nt y of dis s ol v e d m att er i n t h e pr e ci pit at e d w at er. T h e c h e mi c al pr o p erti es of t h e 
pr e ci pit at e d w at er b e gi n t o c h a n g e d uri n g i nfiltr ati o n. T h e mi n er al m att er st arts t o 
diss ol v e i n t h e w at er, p H b e gi n s t o i n cr e as e a n d t h e o x y g e n i n t h e w at er dis a p p e ars  i n 
bi ol o gi c all y  a cti v e z o n es  ( M äl k ki 1 9 9 9). I n Ol kil u ot o t hi s o c c urs i n t h e o v er b ur d e n a n d 
s h all o w d e pt hs i n t h e b e dr o c k ( P osi v a 2 0 1 2 b ). 
O x y g e n a n d c ar b o n di o xi d e diss ol v e i n t h e pr e ci pit at e d w at er. T h e w at er , w hi c h c o nt ai ns  




( M äl k ki 1 9 9 9). D uri n g t h e w e at h eri n g of sili c at es , c al ci u m -, m a g n esi u m- a n d ir o n 
c ati o ns , a m o n g ot h ers, ar e r el e as e d. T h e diss ol v e d m et als f or m, f or e x a m pl e, bi c ar b o n at es  
(M äl k ki 1 9 9 9 ). T his w e at h eri n g of sili c a t es t a k e pl a c e i n Ol kil u ot o at s h all o w d e pt hs 
( P osi v a 2 0 1 2b ). In  t hi s t h esis, h o w e v er, t h e c h e mi c al pr o p erti es of gr o u n d w at er ar e n o t 
u n d er i n v esti g ati o n.  
T h er e is a hi g h c o ns u m pti o n of o x y g e n i n t h e a q uif ers i n c o ast al ar e as . F or t hi s r e as o n, 
t h er e ar e usu all y l o w a m o u nt s of o x y g e n i n t h e gr o u n d w at er. T h e c o ast al a q uif ers ar e 
v ul n er a bl e t o s e a w at er i ntr usi o ns. W h e n w at er c o n d u cti vit y in t h e s h or e ar e a is hi g h, t h e 
b al a n c e b et w e e n s ali n e a n d fr es h w at er is b as e d m ai nl y o n t h e  diff er e n c e in w at er 
d e nsiti es. I n t hi s c as e, t h e s ali n e w at er is u n d er t h e fr es h w at er a n d t h e c o nt a ct is "s oft " 
b e c a us e of diff usi o n . ( M äl k ki 1 9 9 9) 
T h e a f or e m e nti o n e d b al a n c e m a y b e dist ur b e d as a c o ns e q u e n c e  of a n e x c essi v el y l ar g e 
w at er i nt a k e/ p u m pi n g r at e. T his c a us es s e a w at er i ntr u si o n i nt o t h e fr es h w at er 
e n vir o n m e nt. I n t h e O L -K R 6 c as e , t hi s mi g ht b e p ossi bl e d uri n g t h e i nt erf er e n c e t est b ut,  
d uri n g t h e l o n g -t er m p u m pi n g t est, t h er e w er e n o  o bs er v ati o ns of s e a w at er c o n n e cti o ns 
(R eij o n e n et al. 2 0 1 5 )  
T h e c h e mi c al pr o p erti es of t h e  gr o u n d w at er i n  Fi nl a n d  c o m m o nl y  c a n b e d es cri b e d a s 
mil dl y a ci d i c a n d s oft. T h e c o n c e ntr ati o n of s ali nit y i n Fi n ni s h gr o u n d w at er is l o w a n d it 
i s us u all y mil dl y c orr osi v e t o t h e m et al pl u m bi n g s yst e ms. Diss ol v e d or g a ni c c o nt e nts 
s u c h as ir o n - a n d m a n g a n es e c o n c e ntr ati o ns i n t h e gr o u n d w at er i n Fi nl a n d ar e us u all y 
l o w. T he y  ar e m ost c o m m o n t o t h e gr o u n d w at ers of gl a cifl u vi al  f or m ati o ns (M äl k ki 
1 9 9 9) .  
H o w e v er it s h o ul d b e r e m e m b er e d t h at af or e m e nti o n e d f a cts c o n c er n s h all o w 
gr o u n d w at ers i n Fi nl a n d. T his t h es is is str o n gl y r el at et t o d e e p gr o u n d w at ers i n Ol kil u ot o 
a n d t h er ef or e t h es e ki n d of g e n er al f a cts n e e ds t o b e s e gr e g at e d fr o m d e e p gr o u n d w at er 
w hi c h ar e pr es e nt e d l at er i n t his t h esis.  
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2. 2. 2  G e ol o g y  
T h e b e dr o c k of Fi nl a n d i s p art of t h e F e n n os c a n di a n s hi el d , o n e of t h e ol d e st ar e as o n t h e 
E ur asi a n c o nti n e nt  ( N ur mi et al. 1 9 9 8). T h e m aj or p h as es of d e v el o p m e nt i n o ur b e dr o c k 
t o o k pl a c e 2 ,8 0 0 – 2 ,7 0 0 a n d 1 ,9 0 0 – 1 ,8 0 0 milli o n y e ars a g o. T h e n ort h er n a n d e ast er n p art s 
of Fi nl a n d b el o n g t o 3 ,1 0 0 – 2 ,5 0 0 milli o n -y e ar -ol d A r c h a e a n b e dr o c k a n d t h e s o ut h er n 
a n d w est er n p arts b el o n g t o 1 ,9 0 0 – 1 ,8 0 0 milli o n -y e ar -ol d P al e o pr ot er o z oi c b e dr o c k  
( N ur mi et al. 1 9 9 8).  
O nl y v er y s m all  p arts of t h e Fi n ni s h  b e dr o c k ar e y o u n g er t h a n 1 ,8 0 0 milli o n y e ars. T h e 
m ost si g nifi c a nt  y o u n g er  f or m atio ns ar e R a p a ki vi gr a nit es w hi c h  ar e 1 ,6 5 0 – 1 ,4 5 0 milli o n 
y e ars ol d a n d ar e l o c at e d m ai nl y i n  t h e s o ut h er n p arts of Fi nl a n d. A t y pi c al f e at ur e of 
b e dr o c k i n s o ut h er n Fi nl a n d is als o t h e o c c urr e n c e  of di a b as e v ei ns , w hi c h ar e t h e s a m e 
a g e as R a p a ki vi gr a nit es  (1, 6 5 0 – 1, 4 5 0 milli o n y e ars)  (N ur mi et al. 1 9 9 8) . 
M ost Fi n ni s h b e dr o c k ( 9 7  %) h a s b e e n c o v er e d b y diff er e nt s oil t y p es or w at er s yst e ms 
(l a k es, ri v ers, et c.). T h e g e n er al c o m p ositi o n of Fi n n is h s oil is t h at t h e b ott o m of t h e s oil 
c o nsists of gl a ci al f or m at i o ns li k e m or ai n es a n d es k ers. A b o v e t h e gl a ci al f or m ati o ns 
t h er e c a n b e d e e p w at er f or m ati o ns ( cl a ys, silts). S h all o w w at er f or m ati o n s ( w hi c h ar e 
y o u n g er t h a n d e e p w at er f or m ati o ns ) ar e a b o v e t h e m. T h e u p p er m ost l a y ers of Fi n ni s h 
s oil c o nsist  of t h e sl u d ge l a y ers of l a k es or p e at f or m ati o ns of mir es . T h e t hi c k n ess of 
Fi n ni s h s oil i s a p pr o xi m at el y 8. 6  m etr e s (S al o n e n et al. 2 0 0 2) . 
M ost  Fi n ni s h s oil ori gi n at es fr o m  t h e l at est gl a ci al p eri o d: W ei c h eli a n I c e A g e. 
W ei c h eli a n I c e A g e st art e d 1 1 5 ,0 0 0 y e ars a g o a n d h a d diff er e nt st a g es. L at e W ei c h eli a n 
gl a ci ati o n (t h e l ast p art) e n d e d a p pr o xi m at el y 1 0 ,0 0 0 y e ars a g o  (S al o n e n et al. 2 0 0 2) . F or 
i nst a n c e, S al p a uss el k ä t er mi n al m or ai n es ar e  t h e L at e W ei c h el i a n f or m ati o ns.  
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3  O L KI L U O T O SI T E  
Ol kil u ot o is a r at h er l ar g e isl a n d ( 1 2  k m 2 ) o n t h e B alti c S e a c o ast a n d is s e p ar at e d fr o m 
t h e m ai nl a n d b y a n arr o w str ait. T h e isl a n d is i n th e Fi n ni s h m u ni ci p alit y of E ur aj o ki , 
b et w e e n R a u m a a n d P ori. T h e t w o o p er ati n g n u cl e ar p o w er pl a nts a n d a t hir d n u cl e ar 
pl a nt ( w hi c h is u n d er c o ns tr u cti o n) ar e l o c at e d i n t h e w est er n p art of t h e isl a n d (F i g ur e 
1 ). N e ar t h e o p er ati n g n u cl e ar p o w er pl a nts is als o a V LJ r e p osit or y f or l o w a n d 
i nt er m e di at e l e v el w ast e. T h e r e p osit or y f or s p e nt n u cl e ar f u el will b e c o nstr u ct e d i n t h e 
c e ntr al a n d e ast er n p arts of t h e Ol kil u ot o Isl a n d.  
Fi g ur e 1 . M a p of t h e Ol kil u ot o ar e a. T h e o p er ati n g n u cl e ar p o w er pl a nt s ar e o n t h e w est er n (l eft) 
si d e of t h e m a p. O N K A L O  i s l o c at e d i n t h e mi d dl e of t h e i sl a n d, a littl e s o ut h of K or v e ns u o 
r e s er v oi r. Ol kil u ot o m a p © P osi v a . F i nl a n d m a p ©  N ati o n al L a n d S ur v e y of Fi nl a n d  
T h er e ar e m a n y diff er e nt ar e as o n  Ol kil u ot o Isl a n d , r el at e d t o t h e n u cl e ar p ow er pl a nt 
a cti viti es i n t h e isl a n d, t h e c o nstr u cti o n of t h e s p e nt n u cl e ar f u el r e p osit or y a n d ot h er 
i n d ustri al a cti viti es. T h er e ar e s e v er al l a n dfill sit es a n d e x c a v at e d r o c k cr us hi n g ar e as,  as 
w ell as t h e K or v e ns u o r es er v oir a n d s e di m e nt ati o n p o ols l o c at e d i n t h e c e ntr al p arts of 
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t h e isl a n d. Ol kil u ot o h ar b o ur  is l o c at ed  o n t h e  n ort h er n c o ast . T h er e is als o a  N at ur a 2 0 0 0 
sit e o n t h e isl a n d, w hi c h is a n  ol d f or est c all e d Lii kl a ns u o.  
3. 1   G e ol o g y   
G e ol o gi c al i n v esti g ati o ns a n d r es e ar c h at  Ol kil u ot o h a v e b e e n d o n e usi n g o ut cr o ps, 
drill h ol es, t u n n el m a p pi n g i n O N K A L O , g e o p h ysi c al a n d s eis mi c m e as ur e m e nts. T h e 
p al e o pr ot er oi c b e dr o c k of Ol kil u ot o  c o nsists of v ari e d mi g m atit e  s u pr a cr ust al  r o c ks t h at 
h a v e u n d er g o n e hi g h -gr a d e m et a m or p h osis: mi g m ati s e d m et a -p elit es, m et a -ar e nit es a n d 
p yr o cl asti c m et a v ul c a nit es . T h es e r o c ks ar e i ntr u d e d b y gr a niti c -t o n aliti c st o n es, gr a niti c 
p e g m at oi ds, a n d di a b as e di k es. At s o m e  p oi nt , th er e w er e d u ctil e d ef or m ati o n s i n t h e ar e a 
a n d , i n t h e diff er e nt p h as es of t hi s d ef or m ati o n, t h e r o c ks of Ol kil u ot o w er e 
m et a m or p h os e d si m ult a n e o usl y  (A alt o n e n et al. 2 0 1 6) . 
A c c or di n g t o A alt o n e n et al . (2 0 1 6) t h e g e ol o gi c al m o d el of O l kil u ot o c a n b e  di vi d e d i nt o 
fi v e diff er e nt t h e m ati c s u b-m o d els. T h es e s u b -m o d els ar e t h e lit h ol o gi c al m o d el, t h e 
d u ctil e d ef or m ati o n m o d el, t h e alt er ati o n m o d el, t h e brittl e d ef or m ati o n m o d el a n d t h e 
st atisti c al m o d el of fr a ct uri n g ( i nt e gr at e d D F N -m o d el).  T h e lit h ol o gi c al m o d el d es cri b es 
t h e g e o m etr y a n d lit h ol o gi c al pr o p erti es of sit e-s c al e r o c k d o m ai ns o n  Ol kil u ot o i n 
g e n er al. T h e d u ctil e d ef or m ati o n m o d el d es cri b es t h e pr o d u cts of p ol y p h as e d u ctil e 
f or m ati o n. T h e alt er ati o n m o d el m ai nl y d es cri b es t h e pr o d u cts of h y dr ot h er m al alt er ati o n 
a n d  pr o c ess es , w hi c h h a v e tr a nsf or m e d t h e p h ysi c al a n d c h e mi c al pr o p erti es of t h e r o c k 
m at eri al.  
T h er e ar e t w o m ai n lit h ol o gi c al u nit s at t h e Ol kil u ot o sit e: a di at e xit e u nit a n d a v ei n e d 
g n eiss u nit. It h as b e e n d et e ct e d  t h at b ot h t h e m ai n u nit s c o nt ai n s m all a m o u nts of T G G 
g n eiss es, m afi c g n eiss es a n d mi c a g n eiss es. T h er e ar e als o gr a niti c p e g m at oi ds a n d 
di a b as e di k es i n t h e b ot h m ai n u nit s. T h os e pr e vi o usl y m e nti o n e d r o c k t y p es o c c ur as 
i n di vi d u al lit h ol o gi c al o bj e cts in t h e t w o m ai n u nits ( A alt o n e n et al. 2 0 1 6) . 
T h e g e o m etr y a n d pr o p erti es of t h e str u ct ur es pr o d u c e d at  t h e Ol kil u ot o sit e d uri n g t h e 
diff er e nt p h as es of brittl e - a n d s e mi -brittl e d ef or m ati o n ar e pr es e nt e d  i n t h e brittl e 
d ef or m ati o n m o d el ( A alt o n e n et al. 2 0 1 6). T h e Dis cr et e Fr a ct ur e N et w or k ( D F N)  
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d es cri b es t h e g e o m etri c, m e c h a ni c al , h y dr a uli c  a n d tr a ns p ort  pr o p erti es of t h e b e dr o c k 
fr a ct ur es t h at ar e c o nstr ai n e d q u a ntit ati v el y fr o m sit e c h ar a ct eris ati o n d at a ( H artl e y et al. 
2 0 1 8).  
T h er e ar e s o m e si g ns of  diff er e nt st a g es of d ef or m ati o n o n  Ol kil u ot o. Ol kil u ot o c a n b e 
di vi d e d i nt o diff er e nt t e ct o ni c u nits b as e d o n t h es e si g ns of d ef or m ati o n ( A alt o n e n et al., 
2 0 1 6). O L -K R 6 is l o c at e d i n t h e N T U ( N ort h er n T e ct o ni c U nit)  ar e a . Ot h er t e ct o ni c u nit s 
a c c or di n g t o A alt o n e n et  al. ( 2 0 1 6) ar e t h e S el k ä n u m mi D ef or m ati o n Z o n e ( S D Z), C e ntr al 
T e ct o ni c U nit ( C T U 1, C T U 2, C T U 3, w hi c h ar e t h e s u b u nits of C T U), Fl ut a n p er ä 
D ef or m ati o n Z o n e ( F D Z), Lii kl a D ef or m ati o n Z o n e ( L D Z) a n d S o ut h er n T e ct o ni c U nit 
( S T U, wit h f o ur s u b u nits: S T U 1, S T U 2, S T U 3 a n d S T U 4)  ( Fi g ur e 2 ). T h es e t e ct o ni c u nit s 
r el at e t o t h e gr o u n d w at er fl o w b e c a us e t h e u nit s a ct as a li miti n g f a ct or f or gr o u n d w at er 
fl o w d u e t o t h e ori e nt ati o n of fr a ct ur es ( V aitti n e n et al. 2 0 X X - i n pr e p. ). 
Fi g ur e 2 . T h e m aj or d u ctil e d ef or m ati o n z o n e s  a n d t e ct o ni c u nit s  m o d ell e d as 3 D  ( e x c e pt S T U 4). 
Vi e w is fr o m t h e s o ut h. T h e fi g ur e i s f r o m A alt o n e n et al. ( 2 0 1 6); P e ntti & V aitti n e n ( 2 0 1 8). 
Fi g ur e i s p u bli s h e d wit h P osi v a's p er missi o n.  
T h e c h ar a ct eristi c  f e at ur e of N T U is t h e o c c ur r e nc e  of E -W -stri ki n g pl a n ar str u ct ur al 
el e m e nts t h at h a v e a st atisti c al m a xi m u m of 1 6 6/ 4 4 ° . T h e D 2 d ef or m ati o n p h as e w as a 
sit e-s c al e e v e nt  (t o o k pl a c e a p pr o xi m at el y 1. 8 6 G a a g o) a n d aff e ct e d  t h e w h ol e ar e a of 
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Ol kil u ot o Isl a n d. T h er e ar e oft e n s o m e r e m ai ns o f t h e D 2  d ef or m ati o n p h as e i n t h e N T U. 
T h e c o pl a n ar pr o d u cts of t h e D 3 (l at er p h as e of d ef or m ati o n c o m p ar e d t o D 2 ) d ef or m ati o n 
a n d f ol d str u ct ur es ar e o v er pri nti n g tr a c es of t h e D 2  d ef or m ati o n i n pl a c es. T h e 
o v er pri nti n g c o pl a n ar pr o d u cts of D 3  d ef or m ati o n  a n d f ol d str u ct ur es us u all y h a v e S E -
di p pi n g a xi al s urf a c es. T h e i nt e nsit y of D 3  d ef or m ati o n is l o w er i n t h e n ort h er n p arts of 
N T U t h a n i n t h e s o ut h er n p arts. T h e i nt e nsit y of d ef or m ati o n s e e ms t o d e cr e as e gr a d u all y 
fr o m t h e s o ut h er n p arts of N T U t o t h e n o rt h er n p arts (A alt o n e n et al. 2 0 1 6) . 
T h er e ar e m o d ell e d brittl e d ef or m ati o n z o n es ( O L -B F Z) o n Ol kil u ot o . T hes e  z o n es ar e 
eit h er fr a ct ur e or brittl e d ef or m ati o n z o n es. T h e O L -B F Z str u ct ur es c a n b e di vi d e d i nt o 
t w o c at e g ori es. O n e  is sit e-s c al e a n d t h e ot h er  is r e p osit or y-s c al e. T his di vi si o n is b as e d 
o n t h e l at er al e xt e nt of diff er e nt O L -B F Z z o n es. If t h e O L -B F Z -z o n e e xt e n ds l ess t h a n 
1 ,0 0 0  m, it is s yst e m at i c all y cl assifi e d as a  r e p osit or y-s c al e z o n e. T h e re p osit or y -s c al e 
z o n es ar e us u all y b as e d o n o n e or a  f e w drill h ol e i nt er c e pti o ns. T h eir ori e nt ati o n is m ai nl y 
b as e d o n t h e ori e nt ati o n of t h e sli c k e nsi d e fr a ct ur es i n t h e i nt erf er e d c or e z o n es. T h eir 
a ct u al e xt e nt  is g e n er all y u n c ert ai n. (P osi v a 2 0 1 2 b ; A alt o n e n et al. 2 0 1 6) 
C o m p ar e d t o t h e r e p osit or y -s c al e th e si t e-s c al e z o n es e xt e n d  l at er all y o v er  1 ,0 0 0  m etr e s 
a n d t h e e xt e nt is d efi n e d b y s e v er al drill h ol e i nt ers e cti o ns  ( P osi v a 2 0 1 2 b; A alt o n e n et al. 
2 0 1 6 ). R e p osit or y -s c al e  z o n es c a n als o b e d efi n e d b y s e v er al drill h ol e i nt ers e cti o ns or 
g e o p h ysi c al a n d t o p o gr a p hi c d at a . ( A alt o n e n et al. 2 0 1 6)  
3. 2  S u rfi ci al g e ol o g y  
Ol kil u ot o Isl a n d is r el ati v el y fl at a n d is a p pr o xi m at el y 5  m etr e s a b o v e s e a l e v el  
( L a h d e n p er ä et al. 2 0 0 5). T h e o v er b ur d e n o n  Ol kil u ot o h a s b e e n st u di e d t hr o u g h t est pit s, 
g e o p h ysi c al s ur v e ys a n d s o m e  c or e s a m pl es. Ot h er us ef ul s o ur c es of i nf or m ati o n h a v e  
b e e n i nst all ati o n of gr o u n d w at er t u b es a n d t h e o v er b ur d e n i nf or m ati o n g ai n e d fr o m d e e p 
drill h ol e l o c ati o ns .  
T h e m ost c o m m o n s oil t y p es o n Ol kil u ot o ar e fi n e -t e xt ur e d a n d s a n d y till. I n a d diti o n,  
t h ere is gr a v ell y till,  p e at a n d cl a y ( P osi v a 2 0 1 2 b ). T h e o v er b ur d e n o n Ol kil u ot o is t h e 
t hi c k est i n t h e w est er n p arts of t h e isl a n d ( M ö n k k ö n e n et al. 2 0 1 7). T h e a v er a g e t hi c k n ess 
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of t h e o v er b ur d e n  at  Ol kil u ot o  is 2– 5  m etr e s, b ut i n s o m e pl a c es t h e t hi c k n ess c a n b e 
r e a c h e d u p t o 1 4 m ( P osi v a, 2 0 1 2 b ). A c c or di n g t o L a h d e n p er ä et al . (2 0 0 5) , th e 
i n v esti g at e d t est pit s i n t h e Ol kil u ot o ar e a g e n er all y c o nsist of s a n d y till , w hi c h als o 
c o nt ai n s cl a y, s a n d y gr a v el a n d w e at h e r e d l a y ers.   
T h e w e at h er a bilit y of r o c ks h a s  a n eff e ct o n t h e g e o c h e mi c al c o m p ositi o n of till. Ot h er 
el e m e nts a ff e cti n g g e o c h e mi c al c o m p ositi o n of till ar e t h e fl o w dir e cti o n of t h e 
c o nti n e nt al i c e s h e et a n d t y p e a n d a m o u nt of r e -d e p osit e d drift ( S al o n e n et al. 2 0 0 2) . I n 
t h e Ol kil u ot o ar e a, till c an c o nt ai n m or e st o n es or it c a n b e m or e c o m p a ct, w hi c h us u all y 
o c c ur s i n d e e p er h ori z o ns. T h er e h a v e als o b e e n  s o m e i n di c ati o ns of fi n e -gr ai n e d 
gl a ci ol a c ustri n e  s e di m e nt s i n t h e Ol kil u ot o  ar e a ( L a h d e n p er ä et al. 2 0 0 5).  
3. 3  H y d r o g e ol o g y  
Ol kil u ot o c a n b e cl assif i e d as a s e p ar at e h y dr ol o gi c al u nit i n w hi c h s urf a c e w at er fl o w s 
dir e ctl y t o t h e s e a  ( P osi v a 2 0 1 2 b). T h er e ar e m a n y diff er e nt c at c h m e nts ( dr ai n a g e b asi ns) 
o n Ol kil u ot o, w hi c h ar e d efi n e d b as e d o n gr o u n d t o p o gr a p h y a n d fl o w dir e cti o ns of w at er 
i n tr e n c h es (P osi v a 2 0 1 2 b ). T h e c o nstr u ct e d ar e as als o aff e ct t h e c at c h m e nts as w ell as 
i nfiltr ati o n of gr o u n d w at ers.  
T h e h y dr o g e ol o gi c al sit e -s c al e c o n c e pt of t h e Ol kil u ot o sit e is b as e d o n c o n n e cti n g t h e 
g e ol o gi c al, g e o p h ysi c al a n d h y dr o g e ol o gi c al r es e ar c h d at a  ( V aitti n e n et al. 2 0 1 1), for 
i nst a n c e s p ati al i nf or m ati o n o n t h e i nt er pr et e d t e ct o ni c u nit s, O L -B F Zs wit h drill h ol e -t o-
drill h ol e c o n n e cti o ns m ostl y b as e d o n g e o p h ysi c al c o n n e cti o ns, a n d hi g h fr a ct ur e 
tr a ns mi ssi viti es a n d h y dr a uli c c o n n e cti o ns.  
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T h e H Z str u ct u r e m o d el is b as e d o n t h e h y p ot h esis t h at t h e r o c k m ass is str o n gl y 
c h a n n ell e d , a n d b e c a us e of t h at m ost of t h e gr o u n d w at er fl o ws al o n g h y dr o g e ol o gi c all y 
ess e nti al d ef or m ati o n z o n es  (F i g ur e 2.). I n t his h y p ot h esis, o nl y a mi n or p art of 
gr o u n d w at er fl o ws al o n g fr a ct ur es wit hi n s p ars el y fr a ct ur e d r o c k b et w e e n H Z str u ct ur es. 
T h e h y dr o g e ol o gi c al m o d el of Ol kil u ot o c o nsists of 1 6 sit e -s c al e h y dr o g e ol o gi c al z o n es: 
H Z 0 0 1, -H Z 0 0 8, -H Z 1 9 A, -H Z 1 9 B, -H Z 1 9 C, -H Z 2 0 A, -H Z 2 0 B, -H Z 2 1, -H Z 2 1 B, -
H Z 0 3 9, -H Z 0 9 9, -B F Z 1 0 0, -H Z 1 4 6 , -H Z 0 5 6, -B F Z 0 4 5 a n d O L -B F Z 3 0 0  ( Fi g ur e 4 ) 
(V aitti n e n et al. 2 0 x x - i n pr e p. ). 
Fi g ur e 3 . T h e diff er e n c e b et w e e n t h e h y dr o g e ol o gi c al z o n e a n d l ess f r a ct ur e d r o c k. M ost  of t h e 
gr o u n d w at er fl o w o c c urs i n t h e h y dr o g e ol o g i c al z o n e. Fi g ur e i s m o difi e d aft er V ait ti n e n et al. 
2 0 x x - i n pr e p. 
F or t h e H Z z o n es (sit e -s c al e) t h er e ar e d et er mi n e d t w o diff er e nt drill h ol e i nt ers e cti o ns: 
z o n e i nt ers e cti o n a n d h y dr o g e ol o gi c al i nfl u e n c e z o n e. T h es e d et er mi n e d drill h ol e 
s e cti o ns ar e c orr es p o n di n g g e ol o gi c al d at a f or O L -B F Zs, w h er e t h er e ar e c or e a n d 
g e ol o gi c al i nfl u e n c e z o n e ( V aitti n e n et al. 2 0 X X - i n pr e p.). 
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Fi g ur e 4. Sit e -s c al e h y dr o g e ol o gi c al z o n es i n Ol kil u ot o a c c or di n g t o V aitti n e n et al. ( 2 0 X X –  i n 
pr e p.). Fi g ur e i s f r o m a b o v e.  
A c c or di n g t o af or e m e nti o n e d sit e -s c al e h ydr o g e ol o gi c al z o n es , t h er e ar e als o m o d ell e d 
H Z L -z o n es o n Ol kil u ot o  ( V aitti n e n et al. 2 0 x x - i n pr e p. ). T h e H Z L - z o n es ar e r e p osit or y -
s c al e h y dr o g e ol o gi c al z o n es. H Z L -z o n es c a n b e 1) h y dr a uli c c o n n e cti o ns b et w e e n t w o or 
m or e drill h ol es 2) h y dr a uli c c o n n e ct i o ns b et w e e n O N K A L O  a n d c ert ai n drill h ol es or 
h y dr a uli c c o n n e cti o ns b et w e e n t w o or m or e drill h ol es.  T h er e  ar e  a t ot al of  1 6 r e p osit or y -
s c al e h y dr o g e ol o gi c al z o n es o n Ol kil u ot o . T h es e z o n es ar e: H Z L 1– 1 2, O L -B F Z 1 3 0 B, 
O L -B F Z 0 8 4, O L -B F Z 2 9 7 a n d O L -B F Z 3 4 6 . 
T hirt e e n of t h e sit e -s c al e h y dr o g e ol o gi c al z o n es ar e m ostl y b as e d o n h y dr a uli c pr o p erti es 
a n d t h e c o nti n uit y of t h e i nt er pr et e d h y dr a uli c c o n n e cti o ns. T hr e e of t h e z o n es ar e b as e d 
o n t h e g e ol o gi c al c o n diti o ns ( V aitti n e n et al. 2 0 x x - i n pr e p. ). I n a d diti o n t o th e sit e -s c al e 
f e at ur es, s o m e of t h e h y dr a uli c c o n n e cti o ns ar e d et er mi n e d as l o c al -s c al e f e at ur es. T h es e 
l o c al-s c al e f e at ur es ar e diffi c ult t o m o d el i n t h e N T U ar e a  ( V aitti n e n et al. 2 0 1 1) w h er e 
O L -K R 6 is l o c at e d. I n t h e N T U ar e a , t h e drill h ol es ar e f urt h er fr o m e a c h ot h er , a n d f or 
t hi s r e as o n t h e i nt er pr et ati o n of t h e m o nit or e d h e a d o bs er v ati o ns is u n c ert ai n.  
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3. 4  H y d r o g e o c h e mi st r y  
T h er e is a l a y er e d str u ct ur e i n t h e gr o u n d w at er  c h e mi str y  of Ol kil u ot o. P osi v a ( 2 0 1 2 ) 
i d e ntifi e d f o ur t y p es of r ef er e n c e gr o u n d w at er b y a g e. T h es e ar e bri n e r ef er e n c e, gl a ci al 
r ef er e n c e, Litt ori n a r ef er e n c e (i n cl u di n g B alti c S e a w at er , w hi c h is b asi c all y a dil ut e d 
v ersi o n of Litt ori n a s e a w at er) a n d m et e oriti c w at er. T h es e r ef er e n c e t y p es of gr o u n d w at er 
c o ntr ol t h e gr o u n d w at er c o m p osit i o ns o n Ol kil u ot o b y mi xi n g wit h e a c h ot h er. 
D uri n g t h e l ast h u n dr e ds of t h o us a n ds of y e ars t h e h y dr o g e ol o gi c al a n d 
h y dr o g e o c h e mi c al e n vir o n m e nt of Ol kil u ot o sit e h as b e e n f or m e d. T hi s e v ol uti o n is 
n o w a d a ys s e e n as cl e ar distri b uti o n of diff er e nt w at er t y p es. Diff er e nt w at er t y p es ar e 
c h ar a ct eris e d b y s ali nit y, c h e mi str y a n d is ot o p e c o m p ositi o n. T h e b as eli n e gr o u n d w at er 
c o m p ositi o n is d e pt h r el at e d ( c h e mi str y v ari es wit h d e pt h) d u e t o t h es e ol d p h as es of 
d e v el o p m e nt. I n di c ati o ns of diff er e nt i nfiltr at e d w at er s o ur c es ar e g at h er e d fr o m s ali nit y 
v ari ati o n, a ni o n c o m p ositi o n a n d st a bl e is ot o p e si g n at ur e. R e a cti o ns a n d mi xi n g of 
diff er e nt i niti al w at er t y p es d uri n g t h e diff er e nt p h as es of g e ol o gi c al hist or y of t h e 
Ol kil u ot o sit e ar e f or m e d t h e c urr e nt b as eli n e g r o u n d w at ers. I n pr es e nt d a y ar e i d e ntifi e d 
f o ur t y p es of b as eli n e s a m pl es: i nfiltr at e d m et e ori c w at er, Litt ori n a s e a w at er, gl a ci al 
m elt w at er a n d ori gi n al bri n e. ( P osi v a 2 0 1 2 b ) 
I n t h e u p p er p arts of b e dr o c k ( 0 – 4 0 m etr e s) is  fr es h gr o u n d w at er ( T D S (t ot al diss ol v e d 
s oli ds)  < 1 g/l). At d e pt h s of 4 0 t o 4 3 0  m etr es, t h er e is br a c kis h gr o u n d w at er ( 1 < T D S < 
1 0 g/l). At d e pt hs gr e at er t h a n 3 0 0  m etr es, t h er e is s ali n e ( 1 0 < T D S < 1 0 0 g/l)  or bri n e 
( > 1 0 0 m g/l) gr o u n d w at er. C hl ori d e is t h e d o mi n a nt a ni o n i n d e e p  b e dr o c k gr o u n d w at er s. 
Ot h er diss ol v e d m att er i n b e dr o c k gr o u n d w at er v ari es a c c or di n g t o d e pt h ( D a vis  1 9 6 4; 
P osi v a 2 0 1 2 b ).  
A c c or di n g t o  P osi v a ( 2 0 1 2 b ) t h er e ar e t hr e e gr o u ps of fr es h a n d br a c kis h gr o u n d w at er o n 
Ol kil u ot o. T his di visi o n is b as e d o n c h ar a ct eristi c a ni o n c o nt e nts. O n e gr o u n d w at er t y p e 
is fr es h-br a c kis h H C O 3 -t y p e gr o u n d w at er (ri c h i n bi c ar b o n at e), a n ot h er is br a c kis h S O4 -
t y p e gr o u n d w at er (ri c h i n S O4 ), w hi c h o c c urs at d e pt hs of 1 0 0 t o 3 0 0 m etr es, a n d t h e t hir d 
t y p e is br a c kis h Cl-t y p e gr o u n d w at er, w hi c h oc c ur s at b et w e e n 1 0 0 a n d 4 5 0 m . I n d e e p er 
p arts t h e gr o u n d w at er is s ali n e or bri n e.  
 
1 9  
 
P osi v a ( 2 0 1 2 ) esti m at e d t h at gr o u n d w at er o n Ol kil u ot o r es ult s fr o m at l e ast t w o t y p es a n d 
si x diff er e nt s o ur c es of w at er. T h e t w o t y p es of w at er ar e fr o m m o d er n a n d r eli c s o ur c es. 
W at er t y p es fr o m m o d er n s o ur c es ar e m et e ori c w at er a n d s e a w at er fr o m t h e G ulf of 
B ot h ni a a n d K or v e ns u o r es er v oir. W at er t y p es fr o m r eli c s o ur c es ar e Litt ori n a s e a w at er, 
gl a ci al m elt w at er a n d bri n e.  
A c c or di n g t o V u ori o et al. ( 2 0 1 8), t h e m ost i m p o rt a nt pr o c ess es aff e cti n g t h e c h e mi c al 
c o m p ositi o n of gr o u n d w at er ar e t h e mi xi n g of diff er e nt gr o u n d w at er t y p e s, w at er -r o c k 
i nt er a cti o n, mi cr o bi al pr o c ess es at i nt erf a c es b et w e e n diff er e nt gr o u n d w at er t y p es, as w ell 
as i n t h e o v er b ur d e n, a n d w e at h eri n g. W e at h eri n g d uri n g i nfiltr ati o n is t h e m ai n pr o c ess 
i n cr e asi n g t h e a m o u nt of s ol ut es i n s h all o w gr o u n d w at er.  
N o w a d a ys t h e r e d o x c o n diti o ns o n  Ol kil u ot o ar e a n o xi c e x c e pt f or s o m e s h all o w 
i nfiltr ati n g gr o u n d w at er. T h er e ar e t w o n at ur al m et ast a bl e i nt erf a c es in t h e gr o u n d w at er 
o n Ol kil u ot o. T h e u p p er o n e is l o c at e d i n t h e o v er b ur d e n  or i n v er y s h all o w b e dr o c k . At 
t hi s i nt erf a c e, t h e c o n diti o ns c h a n g e fr o m o xi c t o n o n-o xi c. T h e ot h er i nt erf a c e  is l o c at e d 
a p pr o xi m at el y at d e pt hs of 2 5 0 – 3 5 0 m etr es a n d c o nt ai ns tr ansiti o n fr o m S O 4 -ri c h 
gr o u n d w at er i nt o m or e s ali n e S O4 -p o or gr o u n d w at er wit h hi g h er diss ol v e d g as 
c o n c e ntr ati o ns ( e. g. H 2 , C H4 a n d ot h er h y dr o c ar b o ns) . T his r es ult s i n el e v at e d  l e v els of 
diss ol v e d s ul p hi d e as a mi cr o bi all y -m e di at e d r e a cti o n pr o d u ct  ( P asti na & H ell ä 2 0 1 0) . 
3. 5  O N K A L O ®  
T h e c o nstr u cti o n of O N K A L O  st art e d i n J ul y 2 0 0 4. T h e e x c a v ati o n of t h e v e hi cl e a c c e s s 
t u n n el w as fi nis h e d i n 2 0 1 2. Si n c e t h e n,  P osi v a h as b e e n e x c a v ati n g a n d c o nstr u cti n g 
d e m o nstr ati o n ar e as, v e hi cl e c o n n e cti o ns a n d t e c h ni c al r o o ms  ( V aitti n e n et al.  2 0 1 8) . 
T h es e e x c a v ati o ns ar e  c o nti n ui n g at t h e m o m e nt  i n c e ntr al t u n n els. 
T h e e ff e cts of O N K A L O  ar e n ot a bl e o n  t h e gr o u n d w at er  c o n diti o ns  at  Ol kil u ot o . T h er e 
h as  b e e n a l ar g e v ol u m e of  o p e n t u n n els si n c e 2 0 0 4 , w hi c h cr e at e a c o nst a nt dis t ur b a n c e 
t o t h e s urr o u n di n g gr o u n d w at ers of O N K A L O  ( R ä m ä 2 0 1 1). T h e  l ar g e n u m b er  of o p e n 
t u n n els wit h i nfl o w  cr e at e  s u cti o n , c h a n g e  t h e h y dr a uli c h e a ds of t h e s urr o u n di n g  ar e as  
a n d t h e fl o w dir e cti o ns . 
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T h e t ot al i nfl o w of O N K A L O  h a s b e e n m e as ur e d si n c e 2 0 0 4 , us u all y o n c e a m o nt h. Si n c e 
2 0 0 8 , t h e l e a k a g e of O N K A L O  h as b e e n b as e d o n t h e s u m of t h e fl o ws of t h e m e as uri n g 
w eirs fr o m t h e a c c ess t u n n el a n d t h e l e a k a g e i n t h e v erti c al s h afts ( V aitti n e n  et al.  2 0 1 8). 
T his i s d o n e i n or d er t o h a v e l e a k a g e r es ult s fr o m e v er y diff er e nt p arts of t h e t u n n el.  
 
F i g ur e 5. O N K A L O l a y o ut a n d e x c a v at e d s p a c es n o w a d a ys. Fi g ur e i s f r o m t h e w est. T h er e ar e 
a c c es t u n n el, 4 s h afts, a n d p art of t h e t e c h ni c al s p a c es at t h e b ott o m.  
T h e t ot al  m e as ur e d  l e a k a g e t o O N K A L O  h a s  v ari e d b y a p pr o xi m at el y 2 5 – 4 0 L/ mi n  i n 
t h e l ast c o u pl e of y e ars ( V aitti n e n et al.  2 0 1 8). I n t h at ti m e, th er e h a v e  b e e n s o m e t e c h ni c al 
pr o bl e ms , w hi c h h a v e aff e ct e d t o t ot al i nfl o w r es ult s of O N K A L O , f or i n st a n c e if t h er e 
h as b e e n  o n g oi n g drilli n g d uri n g t h e l e a k a g e m e as ur e m e nt.  W at er us e d i n t h e drilli n g 
pr o c ess c a n  dist ur b t h e t ot al l e a k a g e m e as ur e m e nt  i n t hi s c as e t h e u n c ert ai niti es ar e 
r e p ort e d t o g et h er wit h t h e r es ult s. H o w e v er, it is i m p ort a nt t o u n d erst a n d t h at t h e r e al 
l e a k a g e t o O N K A L O is n ot v ar yi n g as m u c h as t h e m e as ur e d l e a k a g e.  
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3. 6  K o r v e ns u o r es e r v oi r  
K or v e ns u o r es er v oir is l o c at ed  b et w e e n O N K A L O  a n d t h e i n v esti g ati o n drill h ol e O L -
K R 6 i n t h e n ort h er n p art of Ol kil u ot o  ( Fi g ur e 1.). It is us e d t o s u p pl y w at er t o t h e p o w er 
pl a nt a n d fl us hi n g w at er f or drilli n g o p er ati o ns a n d f or t h e O N K A L O  c o nstr u cti o n 
pr oj e ct. W at er t o K or v e ns u o r e s er v oir is p u m p e d fr o m E ur aj o ki ri v er (V aitti n e n  et al.  
2 0 1 8).  
T h e w at er b al a n c e of K or v e ns u o r es er v oir aff e cts t h e gr o u n d w at er c o n diti o ns n e ar b y 
( V aitti n e n et al. 2 0 1 8). T h e m or e w at er i n t h e K or v e ns u o r es er v oir ( hi g h er w at er t a bl e 
a n d h y dr a uli c gr a di e nt) , t h e m or e i nfiltr ati o n. T h e s urr o u n di n g gr o u n d w at er c o n diti o ns 
als o aff e ct t h e i nfiltr ati o n pr o c ess ( V aitti n e n et al.  2 0 1 8). T h e hi g h er t h e gr o u n d w at er 
l e v el, t h e l o w er t h e h y dr a uli c gr a di e nt. A l o w er h y dr a uli c gr a di e nt d e cr e as e s t h e a m o u nt 
of i nfiltr ati o n, b e c a us e h y dr a uli c gr a di e nt i s a dri vi n g f or c e f or gr o u n d w at er fl o w.  
T h er e h a v e b e e n m a n y i n di c ati o ns ( b as e d o n t h e c h e mi c al a n d is ot o pi c d at a) t h at w at er 
i nfiltr ati n g fr o m K or v e n s u o r es er v oir h as h a d a n i nfl u e n c e o n t h e c urr e nt gr o u n d w at er 
c o m p ositi o ns at t h e sit e, es p e ci all y ar e as n e ar t h e K or v e ns u o r es e r v oir ( e. g. P e ntti n e n et 
al. 2 0 1 1 & P e ntti n e n et al.  2 0 1 3 ).  
T h e eff e cts of K or v e n s u o r es er v oir  ar e s e e n i n t h e gr o u n d w at er of O L -P V P 1 2 
( o v er b ur d e n t u b e 2 0 m fr o m t h e r es er v oir), O L -P V P 3 0 ( o v er b ur d e n t u b e 1 0 0 m fr o m t h e 
r es er v oir) a n d O L-P P 3 (s h all o w b e dr o c k drill h ol e 6 5 m fr o m t h e r es er v oir). T h er e ar e 
cl e arl y hi g h er o x y g e n -1 8  a n d d e ut eri u m v al u es  i n w at er t h a n i n t h e ot h er s h all o w 
g r o u n d w at er h ol es ( P e ntti n e n et al. 2 0 1 1). St a bl e is ot o p e o x y g e n -1 8 c a n b e utili s e d w h e n 
d et er mi ni n g t h e ori gi n of gr o u n d w at er ( P osi v a 2 0 1 2 b ). 
T h e eff e cts of K or v e ns u o r es er v oir h a v e als o b e e n o bs er v e d at s h all o w d e pt hs o n t h e 
n ort h er n si d e of t h e r es er v oir . T h er e ar e als o s o m e o bs er v ati o ns  t h at s o m e of t h e w at er of 
K or v e ns u o r es er v oir is  i nfiltr ati n g t o O N K A L O ( e. g. P e ntti n e n et al. 2 0 1 1). T h es e 
i m pli c ati o ns ar e b as e d o n t h e is ot o pi c c o m p ositi o ns of s o m e O N K A L O s a m pl es fr o m 
s h all o w d e pt hs.  
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H o w e v er , t h e w at er fr o m K or v e ns u o r es er v oir t h at h as i nfiltr at e d t o th e  gr o u n d w at er 
s yst e m n e ar b y h a s n ot b e e n t a k e n i nt o a c c o u nt in t hi s t h esis. T his is d u e t o s h ort p u m pi n g 
p eri o ds , a n d t h e f a ct t h at t h e dist a n ce b et w e e n O L -K R 6 a n d K or v e ns u o r es er v oir is 
h u n dr e ds of  m etr e s, w hi c h d e cr e as es  t h e eff e cts of i nfiltr at e d w at er o n t h e  i nt erf er e n c e 
t est. 
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4  O L -K R 6  A R E A  
4. 1  O v e r vi e w  
O L -K R 6 is a 6 0 1 -m et er -l o n g drill h ol e l o c at e d i n t h e n ort h er n p arts of Ol kil u ot o Isl a n d. 
O L -K R 6  is a  d e e p, o p e n drill h ol e o n Ol kil u ot o  Isl a n d , w hi c h h a s b e e n  a p art of P osi v a´s 
m o nit ori n g pr o gr a m  a n d sit e i n v esti g ati o ns . A l o n g -t er m p u m pi n g t est t o o k pl a c e b et w e e n 
2 0 0 1 a n d 2 0 1 9 . 
F or  t h e Ol kil u ot o ar e a, P osi v a h as cr e at e d / d e v el o p e d a g e ol o gi c al ( S e cti o n  3. 1)  a n d 
h y dr o g e ol o gi c al ( H Z ) (S e cti o n  3. 3 ) m o d el . Us u all y  g e ol o gi c al  str u ct ur es  a n d 
h y dr o g e ol o gi c al  c o n n e cti o ns m o d ell e d as H Z's  ar e r el at e d t o e a c h ot h er , f or e x a m pl e i n 
c as es  w h er e B F Z  i nfl u e n c e z o n es ar e  hi g h l y tr a ns mi ssiv e . 
T h e c l assifi c ati o n of diff er e nt H Zs a n d O L-B F Zs is pr es e nt e d i n S e cti o n s 3. 1  a n d 3. 3 . 
T h e f o c us of t hi s t h esis is t o c o nfir m h y dr a uli c c o n n e ct io ns  ( m o d ell e d as HZ 's) i n t h e ar e a 
ar o u n d O L -K R 6. T his i s d o n e b y m e a ns of a n i nt erf er e n c e t est (S e cti o n  7).  
4. 2  I nt e rs e cti n g st r u ct u r es  
4. 2. 1  G e ol o g y  
O L -B F Z 0 2 1 is a sit e -s c al e str u ct ur e, w hi c h i nt ers e cts O L -K R 6 at a d e pt h of 4 6 8 – 4 7 1  m. 
It is a t hr ust f a ult, w hi c h di ps o n a v er a g e 2 0 ° t o w ar ds t h e S E. O L -B F Z 0 2 1 a n d O L -
B F Z 0 9 9 ar e c o nsi d er e d a s t w o l a y ers of a si n gl e str u ct ur e. O L -B F Z 0 2 1 is a s g e ol o gi c all y 
w ell -pr o n o u n c e d as O L -B F Z 0 9 9. T h es e l a y ers c o m bi n e i nt o a si n gl e z o n e i n t h e c e ntr al 
p art of t h e sit e v ol u m e  ( A alt o n e n et al. 2 0 1 0) . 
T h e g e ol o gi c al si mil arit y of O L -B F Z 0 2 1 a n d O L -B F Z 0 9 9 a p p e ars i n c ert ai n d et ails of 
t h e str u ct ur es  ( A alt o n e n et al.  2 0 1 0) . T hes e  d et ails ar e , f or e x a m pl e, t h at t h e f a ult c or e is 
w ell -d e v el o p e d a n d c h ar a ct eris e d b y a b u n d a nt fr a ct uri n g, cl a y -fill e d fr a ct ur es a n d 
sli c k e nsi d es, alt er ati o n a n d v ar yi n g a m o u nt s of i n c o h esi v e f a ult br e c ci a a n d cr us h e d r o c k  
( A alt o n e n et al.  2 0 1 0) . 
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A c c or di n g t o A alt o n e n et al . (2 0 1 0) , t h e t hi c k n ess of t h e f a ult c or e of O L -B F Z 0 2 1 v ari es 
b et w e e n 1 a n d  8  m etr e s wit h a n  a v er a g e t hi c k n es s of 4  m etr e s. F a ult br e c ci a is t h e m ost 
c o m m o n t y p e of f a ult r o c k  ( A alt o n e n et al.  2 0 1 0) . T h e d u ctil e a n d s e mi-d u ctil e pr e c urs ors 
ar e o v er pri nt e d b y w el d e d fr a ct ur es , c o h esi v e br e c ci as a n d y o u n g er fr a ct ur es , w hi c h 
i n di c at e t h at t h er e h a v e b e e n s o m e r e c urr e nt m o v e m e nts wit hi n t h e brittl e r e gi m e 
( A alt o n e n et al.  2 0 1 0) . 
A c c or di n g t o A alt o n e n et al . (2 0 1 0) , O L -B F Z 0 4 1  is a r e p osit or y-s c al e str u ct ur e. T h e 
i nt ers e cti o n d e pt h of O L-B F Z 0 4 1 A r e l at e d t o O L-K R 6 is esti m at e d t o b e 1 0 .9 – 1 1 .8  m. 
T h e fr a ct ur es of t hi s str u ct ur e ar e eit h er cl a y - or gr ai n -fill e d. T h e fr a ct ur es ar e als o 
sli c k e nsi d es , w e at h er e d a n d p or o u s. S o m e of t h e fr a ct ur e c o ati n gs ar e r ust y.  
O L -B F Z 0 4 9 is a r e p osit or y -s c al e str u ct ur e,  w hi c h i nt ers e cts O L -K R 6 at a d e pt h of 5 0 6. 9 –  
5 0 8. 8  m.  S tr u ct ur e is i n t h e V G N ( v ei n e d g n eiss) . O L-B F Z 0 4 9  is d e ns el y fr a ct ur e d, a n d 
t h er e is als o s o m e r a n d o m fr a ct uri n g wit h fr a ct ur es p ar all el t o a n d cr o ss -c utti n g t h e 
f oli ati o n. T h er e is als o s o m e s m all -s cal e w el d e d fr a ct uri n g. T y pi c all y , t hi s is ol d er 
mi cr ofr a ct uri n g a n d -br e a k a g e. T h e gr a p hit e  c o ati n gs c a n b e s e e n o n t h e sli c k e nsi d es. T h e 
c or e s a m pl e h as b e e n s plit d u e t o drilli n g ( A alt o n e n et al. 2 0 1 0).  
A c c or di n g t o A alt o n e n et al . (2 0 1 0) , O L -B F Z 0 9 9 i s a  sit e-s c al e t hr ust f a ult a n d i nt ers e cts 
O L -K R 6 at a d e p t h of 1 6 2. 8 – 1 6 4 .8  m. T h e di p of t hi s f a ult is a p pr o xi m at el y 4 0 d e gr e e s 
t o w ar ds t h e S E. T h e z o n e is g e ol o gi c all y w ell-i d e ntifi e d a n d  c h ar a ct er is e d b y a b u n d a nt 
fr a ct uri n g, cl a y-fill e d fr a ct ur es a n d sli c k e nsi d es. T y pi c all y,  i n O L -B F Z 0 9 9 , t h er e is als o 
s o m e h y dr ot h er m al fr a ct ur e -c o ntr oll e d/ p er v asi v e illiti s ati o n a n d k a oli nis ati o n a n d 
v ari a bl e a m o u nt s of f a ult br e c ci a w hi c h  is i n c o h esi v e. T h er e is als o s o m e cr us h e d r o c k. 
T h e a v er a g e t hi c k n ess of t h e f a ult c o r e is 5 m etr e s a n d t h e t hi c k n ess v ari e s fr o m 1 t o 1 3  
m etr e s. T h e f a ult r o c k c a n b e  eit h er f a ult br e c ci a or f a ult g o u g e. T h e m ost c o m m o n t y p e 
of f a ult r o c k i n t his str u ct ur e is f a ult br e c ci a.  
A c c or di n g t o A alt o n e n et al . (2 0 1 0) , O L -B F Z 1 0 8 i nt ers e cts O L -K R 6 at a d e pt h of 3 6 6 . 7–
3 6 7 . 0 m  a n d i s a s h ort f a ult i n mi c a -ri c h g n eiss. I n t his str u ct ur e is s o m e ol d  w el d e d s m all -
s c al e mi cr ofr a ct uri n g -br e c ci a  a n d s o m e gr a p hit e o n t h e y o u n g er sli c k e nsi d es p ar all el t o 
t h e f oli ati o n. T h er e is a g o u g e wit h l arg e a m o u nt s of g r a p hit e i n t h e b ott o m p art of t h e 
 
2 5  
 
O L -B F Z 1 0 8 str u ct ur e , as w ell as s o m e i n -sit u s h e ar e d r o c k fr a g m e nts i n t h e b ott o m p art 
of O L -B F Z 1 0 8.  
4. 2. 2  H y d r o g e ol o g y  
I n t h e c urr e nt m o d el ( V aitti n e n et al. 2 0 X X - i n pr e p. ), t h e i nt ers e cti n g str u ct ur es of O L-
K R 6 ar e H Z 0 0 1, H Z 0 0 5, H Z 2 1, H Z 2 1 B, H Z 0 5 6, H Z 0 9 9, H Z L 4 , H Z 2 1 a n d H Z 2 1 B  
w hi c h  ar e r el at e d t o e a c h ot h er , a n d th e S E p art of H Z 0 9 9 a n d H Z 2 1 c orr es p o n d t o e a c h 
ot h er. I n t h e n ort h er n p art of t h e isl a n d , t h e y f or m t w o s pl a y e d z o n es i n w hi c h t h e 
h y dr o g e ol o gi c al m o d el i s si mil a r t o t h e g e ol o gi c al o n e . Z o n es H Z 2 1, H Z 9 9 a n d H Z 0 0 1  
ar e all l o c at e d wit hi n t h e N T U  ( V aitti n e n et al. 2 0 1 1). T h e h y dr o g e ol o gi c al m o d el of t h e 
O L -K R 6 ar e a is pr es e nt e d in F i g ur e 6 . 
Fi g ur e 6 . T h e m ost n ot a bl e h y dr o g e ol o gi c al st r u ct ur es ( H Z L 4 i s gr e e n;  H Z 0 0 1 y ell o w;  H Z 0 9 9 
r e d; H Z 2 1 B bl u e a n d  H Z 2 1 gr e y)  of t h e O L -K R 6 ar e a  a c c o r di n g t o V aitti n e n et al . (2 0 X X - i n 
pr e p. ). T h e v i e w of t h e fi g ur e i s f r o m t h e s o ut h w est. A ls o s h o w n ar e drill h ol es , ( a n d t h eir p a c k er 
s e cti o ns)  w hi c h ar e i n v ol v e d i n t h e i nt erf er e n c e t est  a n d p art of O N K A L O.  T h e fi g ur e is n ot t o 
s c al e. 
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A c c or di n g t o V aitti n e n et al . (2 0 1 1) , t h e i nt er pr et ati o n of z o n e H Z 0 2 1 is str o n gl y b as e d 
o n t h e g e ol o gi c al pr o p erti es of t h e z o n e a n d t h e r es ult s of g e o p h ysi c al m e as ur e m e nts. T h e 
tr a ns mi ssi vit y of t h e H Z 0 2 1 i nt ers e cti o ns v ari es b y s e v er al or d ers of m a g nit u d e 
( V aitti n e n et al. 2 0 X X - i n pr e p. ). I n t h e H Z 0 2 1 z o n e, t h er e is i nt e nsi v e fr a ct uri n g. F or 
t h e af or e m e nti o n e d r e as o ns, H Z 0 2 1 c o ul d b e a m aj or r o ut e f or d e e p s ali n e gr o u n d w at er 
a n d  f or r a di o n u cli d es fr o m r ep osit or y l e v el t o t h e bi os p h er e ( A h o k as et al. 2 0 0 7). It i s 
m o d ell e d t o i nt ers e ct O L -K R 6 at a drill h ol e s e cti o n 4 7 3. 6 – 4 7 7. 9 m ( V aitti n e n et al. 2 0 X X 
- i n pr e p.). T h e a v er a g e ori e nt ati o n of H Z 2 1 is 1 6 2/ 2 0 ° ( V aitti n e n et al. 2 0 X X - i n pr e p.). 
Z o n e H Z 2 1 B c o n n e cts t h e o bs er v e d hi g h -fr a ct ur e tr a ns mi ssi viti es i n drill h ol es O L-K R 4, 
O L -K R 6 a n d O L -K R 1 2. A h y dr a uli c c o n n e cti o n b et w e e n drill h ol es O L -K R 5 ( n o w 
pl u g g e d /fill e d) a n d K R 1 9 ( P osi v a 2 0 1 2 b) h as als o b e e n d et e ct e d . Z o n e H Z 2 1 B  is 
m o d ell e d t o i nt ers e ct  O L -K R 6 at a  drill h ol e l e n gt h s e cti o n of 3 9 3 – 4 0 0 m  ( V aitti n e n et al. 
2 0 X X - i n pr e p. ). 1 5 7 / 3 0 ° is t h e a v er a g e ori e nt ati o n of H Z 2 1 B z o n e.T h er e is littl e d at a 
o n it s c o nti n u ati o n a n d m ost of its drill h ol e i nt ers e cti o ns ar e c o m m o n t o z o n e H Z 2 1.  
Z o n e H Z 0 9 9 is b as e d o n t h e  g e ol o gi c al brittl e f a ult z o n e O L -B F Z 0 9 9. H Z 0 9 9 is t h e 
c e ntr al p art of O L -B F Z 0 9 9 a n d w as m o d ell e d as a h y dr o g e ol o gi c al z o n e b as e d o n it s 
m o d er at e fr a ct ur e tr a ns missi viti es. T h e h y dr o g e ol o gi c al pr o p erti es of H Z 0 9 9 ar e si mil ar 
t o z o n e  H Z 2 0 ( V aitti n e n et al. 2 0 1 1). Z o n e H Z 0 9 9 i nt ers e cts O L -K R 6 i n a drill h ol e l e n gt h 
s e cti o n of 1 6 2 .2 – 1 6 4 .2 m  ( V aitti n e n et al. 2 0 X X - i n pr e p. ). T h e a v er a g e ori e nt ati o n of 
H Z 0 9 9 is 1 6 9/ 3 8 °  ( V aitti n e n et al. 2 0 X X - i n pr e p.). 
Z o n e H Z 0 0 1 is l o c at e d i n t h e n ort h er n p arts of t h e isl a n d . H y dr o g e ol o gi c al z o n e H Z 0 0 1  
c o n n e cts t h e drill h ol e s e cti o ns wit h a n a n o m al o us l o w h e a d. A h e a d a n al ysis  o f Ol kil u ot o  
h as b e e n c arri e d o ut o n fr es h w at er h e a ds (i. e. b as eli n e h e a ds) t h at ar e as r e pr es e nt ati v e 
as p ossi bl e , f or t h e s el e ct e d drill h ol es us e d in t h e m o nit ori n g p r o gr a m m e, t o i d e ntif y a n d 
d et er mi n e a n y dist ur b a n c es i n gr o u n d w at er c o n diti o ns c a us e d b y O N K A L O  ( A h o k as et 
al. 2 0 0 7).  
H Z 0 0 1 z o n e  w as e xt e n d e d  t o w ar ds t h e e ast i n 2 0 0 8. T his w as d o n e  b as e d o n t h e 
diff er e n c es i n t h e g e ol o gi c al a n d h y dr o g e o l o gi c al pr o p erti es of t h e t e ct o ni c u nit s a n d t h e 
l a c k of pr ess ur e r es p o ns es (V aitti n e n et al. 2 0 1 1) . Z o n e H Z 0 0 1 i nt ers e cts O L -K R 6 at  a  
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drill h ol e l e n gt h s e cti o n of 1 3 4. 6 – 1 3 6. 7  m ( V aitti n e n  et al. 2 0 X X  - i n pr e p. ). A v er a g e 
ori e nt ati o n of t h e H Z 0 0 1 is 1 6 5/ 2 8 °  (V aitti n e n  et al. 2 0 X X  - i n pr e p.). 
H Z L 4 z o n e is m o d ell e d a b o v e t h e sit e -s c al e z o n es o n O L-K R 6 cl os e t o s urf a c e. T h e 
a v er a g e ori e nt ati o n of t h e z o n e is 1 6 2/ 2 7 ° . It is m o d ell e d b as e d o n t h e dir e ct r es p o ns es, 
o bs er v e d d uri n g t h e l o n g -t er m p u m pi n g t est o n O L-K R 6.  It is m o d ell e d t o i nt ers e ct O L-
K R 6 at d e pt h of 3 2. 6 – 3 4. 6  m. It i n cl u d es t w o m o d ell e d brittl e f a ult z o n es O L -B F Z 0 0 9 a 
(i nt ers e cti n g O L-K R 2 a n d -K R 1 3) a n d O L -B F Z 0 4 1 b (i nt ers e cti n g O L -K R 1 2 a n d O L -
K R 4 2) ( V aitti n e n et al. 2 0 X X - i n pr e p.). 
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5  I N V E S TI G A TI O N E Q UI P M E N T A N D M E T H O D S U S E D B Y 
P O SI V A  
5. 1  H y d r o l o g y a n d h y d r og e ol o g y  
5. 1. 1  M o nit o r e d p a r a m et e rs of t h e O M O  p r o g r a m m e  
P osi v a h as s et a n  Ol kil u ot o m o nit ori n g pr o gr a m m e  ( O M O) t o m on it or e a n d e v al u at e t h e 
eff e cts of u n d er gr o u n g c o nstr u cti o ns t o t h e O l kil u ot o b e dr o c k a n d s urf a c e e n vir o n m e nt. 
T h e pr o gr a m m e f or t h e p eri o d b ef or e t h e r e p osit or y o p er ati o n  w as p u bli s h e d i n 2 0 1 2 
( P osi v a 2 0 1 2a ). T his pr o gr a m m e will b e us e d u ntil t h e r e p osit or y o p er ati o n , a n d it 
i n cl u d es m a n y diff er e nt ar e as of r es e ar c h, e a c h of w hi c h h a v e t h eir o w n t ar g ets.  
A c c or d i n g t o P osi v a ( 2 0 1 2a ), th e m o nit or e d p ar a m et ers r el at e d t o h y dr ol o g y or 
h y dr o g e ol o g y i n cl u d e s e a w at er l e v el, r u n off, pr e ci pit ati o n (i n cl u d i n g s n o w), i nfiltr ati o n, 
gr o u n d fr ost , gr o u n d w at er t a bl e l e v el, fl o w c o n diti o ns i n o p e n drill h ol es, gr o u n d w at er 
fl o w a cr oss drill h ol es, h y dr a uli c c o n d u cti vit y a n d tr a ns mi ssi vit y, h y dr a uli c h e a d/ pr ess ur e 
r es p o ns es, w at er b al a n c e at  O N K A L O  a n d w at er b al a n c e i n t h e K or v e ns u o r es er v oir. 
H y dr o g e ol o gi c al m o nit ori n g h as b e e n d o n e , f or e x a m pl e, i n d e e p drill h ol e s, m ultil e v el 
pi e z o m et ers, s h all o w -c or e drill e d h ol es i n b e dr o c k, gr o u n d w at er o bs er v ati o n t u b es i n t h e 
o v er b ur d e n a n d p er c ussi o n -drill e d  h ol es ( P osi v a 2 0 1 2 a ).   
5. 1. 2  P osi v a Fl o w L o g di r r ef e n c e fl o w m et e r  ( P F L D I F F) 
W h e n d esi g ni n g t h e P F L d e vi c e, t h e ai m w as t o d et e ct w at er -c o n d u cti v e fr a ct ur es i n d e e p 
drill h ol es  ( Ö h b er g 2 0 0 6). W at er -c o n d u cti v e s e cti o ns a n d fr a ct ur es ar e i d e ntifi e d b y 
m e a ns of P F L DI F F ( P e k k a n e n et al. 2 0 1 6). H y dr a uli c pr o p erti es (tr a ns mi ssi vit y a n d 
h y dr a uli c h e a d) a n d w at er fl o w b al a n c e i n t h e d rill h ol e ar e t h e s e c o n d o bj e cti v e f or P F L 
DI F F m e as ur e m e nts ( P e k k a n e n et al. 2 0 1 6).  
A c c or di n g t o Ö h b er g ( 2 0 0 6) , t h e P F L d e vi c e diff ers fr o m tr a diti o n al t y p es of drill h ol e 
fl o w m et ers b y m e as uri n g t h e fl o w r at e i n or o ut of s el e ct e d s e cti o ns of t h e h ol e i ns t e a d 
of m e as uri n g t h e t ot al c u m ul ati v e fl o w r at e al o n g t h e h ol e. T h e d e vi c e d et e ct s i n cr e m e nt al 
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c h a n g es of fl o w al o n g t h e h ol e i n is ol at e d s e cti o ns. N or m all y t h es e  i n cr e m e nt al c h a n g e s 
i n fl o w r at e ar e s m all a n d c a n e asil y b e mi ss e d usi n g tr a diti o n al t y p es of fl o w  m etr e s.  
Pri n ci pl e of t h e P F L e q ui p m e nt h a v e b e e n dis c uss e d o n m a n y diff er e nt r e p orts ( e. g. 
K o m ul ai n e n ( 2 0 1 4);  P e k k a n e n et al. ( 2 0 1 6);  P e k k a n e n & K o m ul ai n e n ( 2 0 x x) - i n pr e p. 
et c.)  T h e m ost r e c e nt  P osi v a w or ki n g r e p ort ( P e k k a n e n & K o m ul ai n e n, 2 0 x x - i n pr e p.) 
is utilis e d i n t his t h esis i n or d er t o h a v e t h e l at est i nf or m ati o n r el at e d t o t h e e q ui p m e nt.  
T h er e ar e r u b b er s e ali n g dis ks at t h e t o p a n d b ott o m of t h e P F L DI F F pr o b e, w hi c h ar e 
us e d as p a c k er s t o is ol at e t h e fl o w of w at er i n t h e t est s e cti o n. I n t hi s w a y, it is p ossi bl e 
t o is ol at e t h e w at er of t h e t est s e cti o n fr o m t h e r est of t h e drill h ol e. T h e f l o w i nsi d e t h e 
t est s e cti o n is dir e ct e d t hr o u g h t h e fl o w s e ns or. T h e f l o w g ui d e c o nsists of a b y p ass pi p e , 
t h e af or e m e nti o n e d p a c k er s a n d a test s e cti o n. Fl o w al o n g t h e drill h ol e is dir e ct e d ar o u n d 
t h e t est s e cti o n. T his dir e cti o n is d o n e b y m e a ns of t h e b y p ass pi p e . W at er fl o ws t hr o u g h 
t h e b y p ass pi p e a n d is dis c h ar g e d at eit h er t h e u p p er or l o w er e n d of t h e pr o b e. It is 
i m p ort a nt t o n oti c e t ha t, d e p e n di n g o n pr ess ur e c o n diti o ns ar o u n d a n d i n t h e m e as ur e d 
drill h ol e s e cti o n , t h e dir e cti o n of t h e m e as ur e d fl o w c a n b e eit h er fr o m t h e b e dr o c k t o t h e 
drill h ol e or fr o m t h e drill h ol e t o t h e b e dr o c k. I n t h e s a m e w a y , t h e fl o w al o n g t h e drill h ol e 
c a n b e eit h er d o w n w ar d or u p w ar d  (P e k k a n e n et al. ( 2 0 1 6) ; P e k k a n e n & K o m ul ai n e n 
2 0 x x –  i n pr e p. ). 
Us u all y t h er e ar e t w o s e p ar at e m e as ur e m e nts of  t w o differ e nt s e cti o n l e n gt hs ( 2 m a n d 
0 . 5 m) us e d in P F L  m e as ur e m e nts. T h e l o n g er s e cti o n l e n gt h ( 2 m) is us e d first t o gi v e a 
g e n er al pi ct ur e of fl o w a n o m ali es. T h e l ar g er s e cti o n is als o us e d t o m e as ur e l ar g er 
fr a ct ur e d z o n es ( < 2 m), a n d th e s m all er s e cti o n is us e d  t o s e p ar at e fl o w a n o m ali es, w hi c h 
ar e cl os e t o e a c h ot h er. T w o diff er e nt s e cti o n l e n gt h s als o h el p t o c o nfir m t h at a fl o w 
a n o m al y is r e al a n d n ot c a us e d b y a l e a k at t h e p a c k er s (r u b b er dis ks)  (P e k k a n e n et al. 
( 2 0 1 6); P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
T h e P F L DI F F m e as ur e m e nt is b as e d o n t h e o p er ati o n of t h e rmi st ors. T h er e ar e t hr e e 
diff er e nt t h er mist ors in t he fl o w s e ns or. T h e c e ntr al o n e  is us e d b ot h as a h e ati n g el e m e nt 
a n d t o r e gist er t e m p er at ur e c h a n g es. T w o  diff er e nt si d e t h er mi st ors  ar e  d et e cti n g t h e 
eff e cts ( t h er m al p uls e) c a us e d b y t h e h e ati n g of t h e c e ntr al t h er mist or. Fl o w r at e is 
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m e as ur e d b y m o nit or i n g h e at tr a nsi e nts aft er c o nst a nt h e ati n g i n t h e c e ntr al t h er mi st or. 
T his is c all e d t h e t her m al dil uti o n m et h o d. First t h e c e ntr al t h er mi st or is h e at e d c o nst a ntl y , 
t h e n t h e p o w er is c ut off a n d t h e fl o w r at e is m e a s ur e d b y m o nit ori n g tr a n si e nt t h er m al 
dil uti o n. W h e n e x c e e di n g a c ert ai n li mit, a n ot h er c o nst a nt p o w er h e ati n g p eri o d is st art e d. 
Aft er c o nst a nt h e ati n g is s wit c h e d off , t h e o p er ati o n is t h e s a m e as  aft er t h e first h e ati n g  
(P e k k a n e n et al. ( 2 0 1 6); P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
I n a d ditio n t o m e as uri n g t h e fl o w, t h e P F L  d e vi c e als o m e as ur es t h e f oll o wi n g 
p ar a m et ers: si n gl e-p oi nt r esist a n c e ( S P R), e l e ctri c c o n d u cti vit y ( E C) of t h e gr o u n d w at er, 
t e m p er at ur e of t h e gr o u n d w at er a n d pr e v aili n g pr ess ur e i n t h e drill h ol e. T h e E C el e ctr o d e 
is l o c at e d at t h e t o p of t h e fl o w s e ns or. T h e w at er g oi n g t o or c o mi n g fr o m t h e fl o w s e ns or 
g o es t hr o u g h t h e el e ctr o d e , th e s et u p of w hi c h w as m o difi e d i n 2 0 1 5 t o pr e v e nt t h e t est -
s e cti o n w at er f or mi xi n g wit h t h e s urr o u n di n g drill h ol e w at er i n t h e el e ctr o d e b y g ui d i n g 
t h e fr a ct ur e w at er al o n g a pr e-d et er mi n e d r o ut e. I n t hi s w a y , p ossi bl e dist orti o n of t h e 
m e as ur e d fr a ct ur e -s p e cifi c E C v al u e c a n b e  pr e v e nt e d  (P e k k a n e n et al. ( 2 0 1 6); P e k k a n e n 
& K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
T h e fl o w is m e as ur e d w h e n t h e d e vi c e is  n o t m o vi n g. T h er e is a w aiti n g ti m e aft er 
tr a nsf erri n g t h e d e vi c e. T h e w aiti n g ti m e c a n b e a dj ust e d d e p e n di n g o n t h e pr e v aili n g 
drill h ol e c o n diti o ns. Aft er t h e w aiti n g ti m e , t h e t h er m al p uls e is l a u n c h e d. T h e 
m e as ur e m e nt p eri o d aft er t h e t h er m al p ul s e is us u all y 1 0 0 s e a c h ti m e t h e P F L pr o b e h a s 
m o v e d a dist a n c e e q u al t o t h e t est -s e cti o n l e n gt h a n d 1 0 s i n e v er y ot h er l o c ati o n. T h e 
m e as ur e m e nt ti m e a n d  t h e w aiti n g ti m e ar e a dj ust a bl e . L o n g er m e as ur e m e nts t h a n 1 0 0 s 
ar e  us e d t o i d e ntif y t h e dir e cti o n of t h e s m all est fl o ws  (P e k k a n e n et al. ( 2 0 1 6); P e k k a n e n 
& K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
I n g e n er al, t h e fl o w r at e m e as ur e m e nt r a n g e is 3 0 m L/ h– 3 0 0 ,0 0 0 m L / h, b ut t h e P F L DI F F 
pr o b es h a v e b e e n c ali br at e d i n a l a b or at or y f or a  diff er e nt  fl o w r a n g e of 6 m L/ h– 3 0 0 ,0 0 0 
m L /h. Us u all y t h e n at ur al c o n diti o ns i n t h e fi el d r ai s e t h e l ow er li mit t o a p pr o xi m at el y 3 0 
m L /h , b ut in s o m e drill h ol es e v e n 3 0 m L / h c a n n ot b e r e a c h e d. T his c a n b e c a us e d b y 
drilli n g d e bris i n t h e drill h ol e w at er, g as b u b bl es or hi g h fl o w r at es al o n g t h e dri ll h ol e ( ≥ 
1 8 0 0 ,0 0 0 m L / h). Li mit s o n pr a cti c al m e as ur e m e nts ar e c al c ul at e d f or e a c h s et of d at a if 
t h e dist ur b a n c es d uri n g t h e m e as ur e m e nts ar e si g nifi c a nt. T h e a f ore m e nti o n e d 
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m e as ur e m e nt r a n g e ( 3 0 m L/ h – 3 0 0 ,0 0 0 m L / h) is b as e d o n pr a cti c al e x p eri e n c e a n d is 
us u all y v ali d e x c e pt i n t h e sit u ati o ns d es cri b e d a b o v e  (P e k k a n e n et al. ( 2 0 1 6); P e k k a n e n 
& K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
Fl o w al o n g t h e h ol e  c a n als o b e m e as ur e d  wit h a P F L DI F F pr o b e. T his is d o n e b y 
r e m o vi n g t h e l o w er r u b b er dis ks, t h us g ui di n g t h e e ntir e fl o w al o n g t h e drill h ol e t hr o u g h 
t h e fl o w s e ns or. T his ki n d of s et u p s h o ul d b e l ess s e nsiti v e t o dist ur b an c es c a us e d b y 
r o u g h n ess of t h e drill h ol e w all a n d l o os e r o c k m at eri al. T h e r el ati v e a c c ur a c y of t hi s s et u p 
is t h e s a m e as usi n g t h e P F L DI F F s et u p. I n s o m e c as es (fl o w r at e > 3 0 0,0 0 0 m L/ h) , a 
s p e ci al fl o w di vi d er is n e e d e d i n fr o nt of t h e fl o w s e ns or. T h e s h a p e of t h e fl o w di vi d er 
r es e m bles  a t or p e d o. T h e fl o w di vi d er di vi d es  t h e fl o w al o n g t h e h ol e i nt o a n d p ast t h e 
fl o w s e ns or. T h e m ai n o bj e cti v e of t h e fl o w di vi d er is t o k e e p t h e fl o w r at e t hr o u g h t h e 
fl o w s e ns or b el o w 3 0 0,0 0 0 m L/ h. T h e a c c ur a c y of fl o w r at e d e cr e as es  w h e n t h e fl o w 
di vi d er is us e d, b ut is d o es e n a bl e  t h e m e as ur e m e nt of  hi g h er fl o ws. T h e m e as ur e m e nt 
a c c ur a c y of usi n g t h e fl o w di vi d er  is a p pr o x.  ± 2 0 % of t h e m e as ur e d v al u e. T h e P F L 
DI F F al o n g t h e h ol e s et u p h as li mit ati o ns si mil ar t o  c o n v e nti o n al fl o w m et er s. W h e n fl o w 
al o n g t h e drill h ol e is hi g h, a s m all c h a n g e i n fl o w r at e m a y n ot b e d et e ct e d  (P e k k a n e n et 
al. ( 2 0 1 6); P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
5. 1. 3  P osi v a Fl o w L o g d o u bl e p a c k e r p r ess u r e p r o b e  ( P F L D O P P) 
P F L D O P P is P F L d o u bl e p a c k er pr ess ur e pr o b e us e d t o m e as ur e pr ess ur e i n a s el e ct e d 
drill h ol e s e cti o n  ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ). T h e m e as ur e m e nt drill h ol e 
s e cti o n  is is ol at e d fr o m ot h er fr a ct ur es b y t w o i nfl at a bl e p a c k ers. T h e P F L pr ess ur e s e ns or 
m e as ur es  t h e t ot al pr ess ur e i n t h e t est s e cti o n ( b et w e e n t h e p a c k ers) a n d at m os p h eri c 
pr ess ur e ( P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p. ). T h e c al c ul ati o n of t h e h y dr a uli c h ea d 
of t h e t est s e cti o n is pr es e nt e d in E q u ati o n 8.  
S a m e pr ess ur e pr o b e us e d i n P F L DI F F m e as ur e m e nt is als o utilis e d i n t h e P F L D O P P 
m e as ur e m e nt. T h e diff er e n c e is t h at t h er e is n o fl o w g ui d e a n d d o u bl e p a c k er is r e pl a ci n g 
t h e fl o w g ui d e. T ot al  pr ess ur e  ( hy dr ost ati c + at m os p h eri c pr ess ur e)  is m e as ur e d b y m e a ns 
of fl o w s e ns or, w hi c h m e as ur es fl o w al o n g a drill h ol e. T h e fl o w al o n g a drill h ol e is g ui d e d 
t hr o u g h t u b es i nsi d e b ot h p a c k ers ( P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p.). 
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T h e r es ult s  of P F L D O P P m e as ur e m e nt s h o w  t h e h y dr a uli c h e a d of t h e m e as ur e m e nt 
s e cti o n. T h es e r es ult s c a n als o b e e v al u at e d b as e d o n P F L DI F F m e as ur e m e nts , w hi c h ar e 
d o n e u n d er  t w o diff er e nt pr ess ur e c o n diti o ns. Pr ess ur e m e as uri n g wit h t h e d o u bl e p a c k er 
pr ess ur e pr o b e is s o sl o w t h at it ca n n ot b e d o n e i n all d et e ct e d fr a ct ur es  (P e k k a n e n & 
K o m ul ai n e n 2 0 x x –  i n pr e p. ).  
T h e P F L D O P P m e as ur e m e nt el a b or at es  t h e r es ults of P F L DI F F m e as ur e m e nt , a n d is 
us e d i n sit u ati o ns w h er e e v al u ati o n of t h e h y dr a uli c h e a d b as e d o n P F L DI F F is diffi c ult 
or w h e n v er y hi g h a c c ur a c y is n e e d e d. Pr o bl e ms i n o bt ai ni n g g o o d h y dr a uli c h e a d v al u es 
c a n b e c a us e d b y v er y s m all fl o w v al u es or  if t h e h y dr a uli c h e a d v al u e is v er y l o w  
(P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n pr e p. ). 
5. 1. 4  M ulti -p a c k e r s yst e m  
N o w a d a ys, m ost drill h ol es l o c a t e d at  Ol kil u ot o  ar e p a c k e d usi n g t h e  m ulti -p a c k er s yst e m  
(F i g ur e 4). T h e ai m of usi n g t his s yst e m is t o is ol at e i nt er esti n g p arts of t h e drill h ol es i nt o 
t h eir o w n s e cti o ns ( Ö h b er g 2 0 0 6). An  is ol at e d s e cti o n c a n b e b as e d o n e. g. m o nit ori n g 
h y dr a uli c h e a d i n H Z  str u ct ur e s or a n e e d t o t a k e gr o u n d w at er s a m pl es fr o m c ert ai n 
drill h ol e s e cti o n . Us u all y t h e h y dr a uli c h e a d a n d r e pr es e nt ati v e h y dr o g e o c h e mi str y 
s a m pl es ar e t h e m ost i m p ort a nt m o nit or e d r es ult s fr o m t h e is ol at e d s e cti o ns. T h e m ulti -
p a c k er s yst e m c o nsi sts of i nfl at a bl e r u b b er -c o at e d p a c k ers  c o n n e ct e d t o e a c h ot h er b y 
e xt e nsi o n r o ds  ( Ö h b er g 2 0 0 6). T h e pr ess ur e h os e s di a m et er is 8/ 6  m m  a n d it c o n n e cts all 
t h e p a c k ers t o g et h er ( V oi pi o et al. 2 0 0 4). T h e pr es s ur e h os e  is m a d e of p ol y a mi d e.  
A c c or di n g t o Ö h b er g ( 2 0 0 6) , t h e pri n ci pl e of t h e m ulti-p a c k er s yst e m is si m pl e  (F i g ur e 
4 ). T h e i nfl at a bl e r u b b er-c o at e d p a c k ers ar e i nst all e d at t h e d esir e d d e pt h. D uri n g t h e 
i nst all ati o n of t h e p a c k ers, t h e pr ess ur e h os e is fill e d wit h fr es h w at er. W h e n  t h e i nfl at a bl e 
r u b ber -c o at e d p a c k ers ar e at  t h e d esir e d d e pt h, t h e a m o u nt of fr es h w at er i n t h e pr ess ur e 
h os e is i n cr e as e d , c a usi n g o v er pr ess ur e , w hi c h e x p a n ds t h e r u b b er -c o at e d p a c k ers a g ai nst 
t h e drill h ol e w all. T h e e x p a n d e d p a c k ers  t h e n is ol ate t h e  d esir e d p a c k e d -off s e ct i o ns. 
T h er e ar e als o m e as uri n g h os es i n e a c h p a c k e d -off s e cti o n. T h e  di a m et er of a m e as uri n g 
h os e is  us u all y  8/ 6  m m. A m e as uri n g h os e fr o m e a c h  si n gl e p a c k e d -off s e cti o n is l e d t o 
t h e gr o u n d s urf a c e. T h e sli m m e as uri n g h os es ar e c o n n e ct e d t o a t u b e of l ar ger di a m et er 
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( 2 8/ 2 3 m m) ( Ö h b er g 2 0 0 6). T his c o n n e cti o n t a k es pl a c e a p pr o xi m at el y at  a  d e pt h of 3 5  
m etr e s b el o w t h e gr o u n d s urf a c e ( Al h o n m ä ki -A alt o n e n. 1 9 9 9. a c c or di n g t o Ö h b er g  
2 0 0 6) .  
F i g ur e 6. Pri n ci pl e of t h e m ulti -p a c k er s yst e m. Fi g ur e w a s  ori gi n all y  p r es e nt e d b y P e ntti & 
V aitti n e n  ( 2 01 8 ). Fi g ur e i s p u bli s h e d wit h P osi v a's p er mi ssi o n.  
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T h e n u m b er  of m e as ur e d p a c k e d -off s e cti o ns is c o nsi d er e d p er h ol e  a n d is li mit e d b e c a us e  
m e as uri n g h os es n e e d s p a c e a n d s p a c e is li mit e d i n t h e drill h ol e. Us u all y t h er e ar e m or e 
p a c k ers i n t h e drill h ol e t h a n ar e  n e e d e d i n t h e m e as ur e d p a c k e d -off s e cti o ns. M or e 
p a c k ers ar e us e d t o pr e v e nt t h e c o n n e cti o ns of diff er e nt m e as ur e d p a c k e d -off s e cti o ns 
al o n g t h e drill h ol e. D u e t o t h e l ar g e n u m b er  of p a c k ers, t h er e ar e s e v er al " bli n d " s e cti o ns 
i n t h e drill h ol e, w hi c h d o n ot b el o n g t o t h e h y dr a uli c h e a d m o nit ori n g  (Ö h b er g  2 0 0 6) . 
T h e m e as uri n g h os es i n t h e u p p er p art of a drill h ol e h a v e a l ar g er di a m et er , s o t h at t h e 
st a n d ar d pr ess ur e pr o b es  c a n b e i nst all e d i nt o t h e h os e t o m e as ur e t h e pr ess ur e c a us e d b y 
t h e wat er c ol u m n a b o v e t h e pr ess ur e pr o b e . T h e ot h er r e as o n is t h at a sli m m e m br a n e 
p u m p f or t h e gr o u n d w at er s a m pli n g n e e ds t o b e i nst all e d i n t h e m e as uri n g h os e  (Ö h b er g  
2 0 0 6) . 
I n t h e s ali n e w at er s e cti o ns, t h e i nst all ati o n of i nfl at ed r u b b er -c o at e d p a c k ers diff ers a 
littl e. If t h er e is s ali n e w at er i n t h e drill h ol e s e cti o n, t h e m e as uri n g h os es ar e fill e d wit h 
fr es h w at er b ef or e t h e i nflati o n of t h e p a c k ers. T his is b e c a us e t h e w at er t a bl e i n e a c h 
m e as uri n g h os e is dir e ctl y li n k e d t o th e fr es h w at er h e a d  (Ö h b er g 2 0 0 6) . 
5. 1. 5  G W M S  
P osi v a h as b e e n usi n g a G W M S ( Gr o u n d W at er M o nit ori n g S yst e m) f or m o nit ori n g a 
h y dr a uli c h e a d i n d e e p drill h ol es e q ui p p e d wit h t h e m ulti p a c k er s yst e m si n c e 2 0 0 0  
( Ö h b er g 2 0 0 6).  T h e G W M S s yst e m c o nsists of pr ess ur e pr o b es i nst all e d i n m e as uri n g 
h os es t o  d e pt h s  b et w e e n 1 5 – 3 8 m (P e ntti & V aitti n e n 2 0 1 8 ). T h e p r o b es m e as ure  t h e 
w at er t a bl e a b o v e t h e m , a n d ar e c o n n e ct e d t o a l o g gi n g d e vi c e , w hi c h c oll e cts d at a fr o m 
t h e pr ess ur e pr o b es a n d tr a nsf er s it t o t h e m o nit ori n g u nit b y G S M m o d e m  (P e ntti & 
V aitti n e n 2 0 1 8 ).  Fr o m t h e m o nit ori n g u nit , t h e d at a is tr a nsf err e d t o P O T TI, w hi c h is a 
d at a b as e f or all t h e r es e ar c h d at a pr o d u c e d b y P osi v a.  
T h e p r ess ur e s e ns ors  ar e c ali br at e d o n a r e g ul ar b asis. I n t h e c ali br ati o n , t h e r ej e cti on 
li mit f or t he pr o b e is 2 3 – 4 5 c m of t h e m e as uri n g r a n g e d e p e n di n g o n t h e pr o b e  (P e ntti & 
V aitti n e n 2 0 1 8 ). T h e err or li mit f or m e as ur e m e nt is o nl y a f e w c e nti m etr es , w hi c h is 
b as e d o n pr a cti c al e x p eri e n c e.  
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T h e h y dr a uli c h e a d d at a fr o m G W M S is c orr e ct e d b y s u btr a cti n g n at ur al eff e cts ( n at ur al 
fl u ct u ati o n of gr o u n d w at er t a bl e a n d s e a l e v el, ti d es a n d at m os p h eri c pr ess ur e) fr o m t h e 
d at a. T his is d o n e i n or d er t o h a v e m or e r eli a bl e a n d l ess dist ur b e d h y dr a uli c h e a d d at a 
w hi c h e as es t h e o bs er v ati o n of h y dr a uli c r es p o ns es. T h e c orr e cti o n is d o n e b y 
m at h e m ati c al e q u ati o ns , w hi c h ar e pr es e nt e d b y P e ntti & V aitti n e n ( 2 0 1 8).  N o w a d a ys, 
th e c orr e cti o n of ti d e eff e ct is b as e d o n a m at h e m ati c v al u e pr es e nt e d b y V a n C a m p & 
V a ut eri n ( 2 0 0 5). B asi c all y,  it is an  esti m at e d v al u e of t h e v ari ati o n of t h e v erti c al ti d al 
p o w er at t h e  Ol kil u ot o  sit e ( P e ntti 2 0 1 9). T h e c al c ul ati o n of ti d al eff e ct is di s c uss e d m or e 
a c c ur at el y  b y P e ntti & V aitti n e n ( 2 0 1 8).  C orr e cti o ns t o t h e G W M S -d at a pr es e nt e d i n t h e 
t h esis ar e m a d e b y P ö yr y.  
T h e c orr e cti o n of s e a l e v el is b as e d o n s e a l e v el m e as ur e m e nts  d o n e b y t h e 
M et e or ol o gi c al I nstit ut e  at t h e R a u m a h ar b o ur m ar e o gr a p h  ( P e ntti 2 0 1 9). T h e n at ur al 
fl u ct u ati o n c orr e cti o n f a ct or is b as e d o n gr o u n d w at er t a bl e d at a c oll e ct e d b y P osi v a fr o m 
diff er e nt o bs er v ati o n p oi nt s o v er t h e y e ars ( P e ntti & V aitti n e n 2 0 1 8; P e ntti 2 0 1 9) . 
N o w a d a ys t hi s c orr e cti o n f a ct or is b as e d o n t h e n at ur al fl u ct u ati o n d at a fr o m 1 1 s h all o w 
h ol es a n d fr o m fi v e diff er e nt E P L 4 s e cti o ns d at a ( P e ntti 2 0 1 9).  T h e pri n ci pl e of 
c al c ul ati n g t h e  h y dr a uli c h e a d is pr es e nt e d in S e cti o n  7. 4. 1 ( E q u ati o ns 8  & 9 ). 
D u e t o t h e s ali nit y v ari ati o n ( S e cti o n  3. 4) o f gr o u n d w at er  at  Ol kil u ot o , t h er e ar e s o m e 
u n c ert ai nti es  in t h e o bs er v e d h e a d l e v els b et w e e n diff er e nt drill h ol es. T h e pr ess ur e h os e 
is fill e d with fr es h w at er b ef or e t h e i nst all ati o n of t h e pr ess ur e pr o b es t o g et st a n d ar dis e d 
o bs er v ati o ns of h y dr a uli c h e a d b et w e e n diff er e nt drill h ol es. D uri n g gr o u n d w at er 
s a m pli n g (S e cti o n  5. 2. 3 ), t h e m e as uri n g h os e is fill e d u p  wit h gr o u n d w at er fr o m t h e d e pt h 
of t h e m e as uri n g s e cti o n , i. e. wit h fr a ct ur e-s p e cifi c gr o u n d w at er fr o m fr a ct ur es i n t h e 
m e as uri n g s e cti o n. F or t hi s r e as o n , t h e m e as uri n g h os e n e e ds t o b e fill e d wit h fr es h w at er 
a g ai n t o  b e a bl e t o f oll o w t h e r e pr es e nt ati v e i n sit u fr es h w at er h e a d v al u es aft e r 
gr o u n d w at er s a m pli n g.  
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5. 2  H y d r o g e o c h e mi st r y  
5. 2. 1  M o nit o r e d p a r a m et e rs of t h e O M O  p r o g r a m m e  
M o nit ori n g of h y dr o g e o c h e mi str y o n Ol kil u ot o is b as e d o n l a b or at or y a n al ysis of s a m pl es 
t a k e n fr o m s urf a c e w at er as w ell as  s h all o w a n d d e e p gr o u n d w at er. T h e ar e a s of r es e a r c h 
r el at e d t o h y dr o g e o c h e mi str y i n cl u d e t h e c h e mistr y of gr o u n d w at er ( s ali nit y, a ni o ns, 
c ati o ns, is ot o p es et c. ), mi cr o bi al st u di es  a n d diss ol v e d g as es  i n gr o u n d w at er. ( P osi v a 
2 0 1 2 a )  
T h er e ar e t hr e e diff er e nt gr o u n d w at er  s a m pli n g m et h o ds,  w hi c h P osi v a h as  b e e n usi n g 
o v er t h e y e ars: t h e d o u bl e p a c k er s yst e m, m e m br a n e p u m p (i n m ulti -p a c k er e d drill h ol es) 
a n d P A V E e q ui p m e nt ( pr ess uris e d w at er s a m pli n g e q ui p m e nt) ( Ö h b er g 2 0 0 6). Als o t h e 
P F L e q ui p m e nt h as b e e n us e d f or  t h e t a ki n g of w at er s a m pl es. 
S o m e f ar ct ors m ust b e t a k e n i nt o a c c o u nt w h e n s el e cti n g t h e d esir e d s a m pli n g m et h o d. 
O n e is c o n diti o ns i n t h e drill h ol e ( o p e n or a m ulti -p a c k er e d ) a n d a n ot h er is t h e ai m of t h e 
i n v esti g ati o n ( Ö h b er g 2 0 0 6), w hi c h c a n i nfl u e n c e t h e c h oi c e of s a m pli n g m et h o d.  
I n a d diti o n t o a b o v e-m e nti o n e d gr o u n d w at er s a m pli n g l o c ati o ns, gr o u n d w at er s a m pl es 
c a n b e t a k e n e x a m pl e fr o m fr o m m e as uri n g w eirs or fr o m l e a ki n g fr a ct ur es at O N K A L O. 
S a m pl es c a n als o b e c oll e ct e d fr o m t h e dit c h es n e ar O N K A L O a n d t h e n e ar b y r o c k 
cr us hi n g  ar e a. Dit c h s a m pl es ar e r el at e d t o t h e s urf a c e e n vir o n m e nt m o nit ori n g ( P osi v a 
2 0 1 2 a ). 
A m e m br a n e p u m p c all e d a V esiti n  p u m p h as b e e n us e d i n t h e m ulti -p a c k er e d drill h ol es 
( Ö h b er g 2 0 0 6). M ost of  t h e s a m pli n g m et h o ds h av e  b e e n us e d i n o p e n drill h ol es. B ef or e 
t h e d e v el o p me nt of t h e P A V E  e q ui p m e nt , P osi v a us e d t h e d o u bl e p a c k er s yst e m a n d a 
m e m br a n e p u m p t o s a m pl e  fr o m o p e n drill h ol es ( Ö h b er g 2 0 0 6). As a si m plifi e d w a y, 
P A V E  e q ui p m e nt is us e d i n o p e n drill h ol es w h e n s a m pli n g i n cl u d es  a n al ys e s of diss ol v e d  
g as es or mi cr o b es.  If t h er e is n o n e e d t o a n al y s e a n yt hi n g ot h er t h a n t h e c h e mi str y of 
gr o u n d w at er, t h e d o u bl e p a c k er s yst e m is still us e d, as it w as f or e x a m pl e i n u p p er p arts 
of t h e O L -K R 6 drill h ol e i n a ut u m n 2 0 1 8.  
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5. 2. 2  P r ess u r is e d s a m pli n g wit h P A V E  e q ui p m e nt  
T h e P A V E  e q ui p m e nt e n a bl es gr o u n d w at er  s a m pli n g wit h i n -sit u pr ess ur e fr o m d e e p 
drill h ol es. It als o m a k es it p ossi bl e t o st u d y diss ol v e d g as es  a n d  mi cr o b es . P A V E  
e q ui p m e nt c o nsists of diff er e nt p arts , on e of w hi c h is t h e wir e-li n e s yst e m, w hi c h c o nsists 
of o n e or t w o i n flat a bl e r u b b er p a c k ers, t h e P A V E  u nit a n d m e m br a n e p u m p. A n ot h er 
p art is t h e fi el d m o nit ori n g s yst e m, w hi c h m e as ur es c o nti n u osl y  E h, p H, O 2, t e m p er at ur e 
a n d E C fr o m t h e gr o u n d w at er p u m p e d t o t h e s urf a c e.   
A  wi n c h c a bl e is us e d t o lo w er a n d lift t h e p art of  t h e e q ui p m e nt pl a c e d at  t h e drill h ol e. 
T h e s a m pli n g s e cti o n is is ol at e d fr o m t h e r est of t h e drill h ol e b y t w o i nfl at a bl e r u b b er 
p a c k ers  ( Ö h b er g 2 0 0 6). F or e x a m pl e, P A V E  s a m pli n g fr o m O L -K R 6 w as  d o n e  i n a n 
is ol at e d s e cti o n at a d e pt h of 4 2 2 – 4 2 5  m etr e s o n J a n u ar y , 2 0 1 9 .  T h e di a m et er of a 
drill h ol e m ust b e 5 6 – 7 6 m m a n d it s m a xi m u m l e n gt h  c a n b e 1 ,5 0 0  m etr e s  ( Ö h b er g 2 0 0 6). 
T h er e is a pr e -p u m pi n g p eri o d pri or t o  t h e s a m pli n g. D uri n g t h e pr e -p u m pi n g p eri o d , 
gr o u n d w at er is p ass e d  b y t h e pr ess ur e v ess els  s o t h at i n n er p arts of t h e pr ess ur e v ess el s 
w ill n ot b e c o nt a mi n at e d b y  mi cr o bi al bi ofil ms, drilli n g d e bris or ot h er fi n e m at eri al. T h e 
pr e -p u m pi n g p eri o d is fi nis h e d a n d s a m pli n g p eri o d b e g u n w h e n t h e m o nit or e d o n -li n e 
p ar a m et ers h a v e b e e n st a bil is e d ( Ö h b er g 2 0 0 6). T h e p ar a m et ers i n cl u de d i n  o n -li n e 
m o nit ori n g ar e p H, el e ctri c al c o n d u cti vit y ( E C), r e d o x p ot e nti al ( E h)  a n d  o x y g e n ( O 2 ).  
B ef or e st arti n g t h e s a m pli n g p eri o d, t h e w at er i n t h e s a m pli n g s e cti o n a n d m e as uri n g h os e 
m ust c h a n g e at l e ast t hr e e ti m es a n d t h e  a n al ys e d tr a c er (s o di u m fl u or es c ei n), us e d i n 
drilli n g w at er,  c o n c e ntr ati o n m ust b e < 5 µ g/l ( Ö h b er g 2 0 0 6). T his is c all e d t h e pr e -
p u m pi n g p eri o d, w hi c h st o ps w h e n t h e m o nit or e d o nli n e p ar a m et ers h a v e b e e n st a bili s e d. 
S o di u m fl u or es c ei n is a tr a c er el e m e n t, w hi c h is diss ol v e d i n  w at er a n d us e d  as a tr a c er  
b y P osi v a. Tr a c er  is us e d t o d et e ct  t h e w at er us e d f or c o nstr u cti o n a cti vit es, drilli n gs et c. 
fr o m t h e r e pr es e nt ati v e n at ur al gr o u n d w at er (fr o m fr a ct ur es). T h e c h e mi c al q u alit y of 
gr o u n d w at er is c o nsi d er e d r e pr es e nt ati v e w h e n t h e c o n c e ntr ati o n of s o di u m fl u or es c ei n 
is < 5 µ g/l. O n c e t h e o n-li n e p ar a m et ers h a v e s ettl e d d o w n, w at er of t h e s a m pli n g s e cti o n 
h a s c h a n g e d t hr e e ti m es a n d t h e c h e mi c al q u alit y of a gr o u n d w at er is r e pr es e nt ati v e, t h e 
s a m pli n g c a n st art . 
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A w at er s a m pl e is c oll e ct e d i n a pr ess ur e v ess el of t h e P A V E  e q ui p m e nt a b o v e t h e u p p er 
p a c k er. T h e v ol u m e of t h e pr ess ur e v ess el v ari es d e p e n di n g o n t h e s c al e of t h e 
i n v esti g ati o n, a n d is eit h er 1 5 0 ml or 2 5 0  ml. T h e P A V E  e q ui p m e nt all o ws t h e 
c o m bi n at i o n of 1– 3 diff er e nt -si z ed  pr ess ur e v e ss els t o b e us e d at t h e s a m e ti m e. 
Gr o u n d w at er is p u m p e d t o t h e s urf a c e wit h a m e m br a n e p u m p. T h e m e m br a n e p u m p is 
att a c h e d t o t h e ot h er i nstr u m e nt ati o n , a n d is us e d eit h er wit h a c o m bi n ati o n of a nitr o g e n 
g as a n d w at e r or o nl y wit h w at er (Ö h b er g 2 0 0 6) . 
T h e pr ess ur e v ess els ar e fill e d wit h gr o u n d w at er d uri n g t h e s a m pli n g p eri o d. W h e n t h e 
h y dr a uli c pr ess ur e i n cr e a s es i n t h e pr ess ur e h os e f or t h e p a c k ers, it o p e ns t h e pr ess ur e -
r e g ul at e d c o ntr ol v al v e. W h e n t his v al v e is o p e n e d , it all o ws gr o u n d w at er t o fl o w t hr o u g h 
t h e pr ess ur e v ess els , c a us i n g c o m pr essi o n of  b a c k -pr ess ur e g as es in a pr ess ur e 
c o m p art m e nt d u e t o t h e pist o n m o vi n g d o w n w ar ds. I n t hi s w a y, gr o u n d w at er at  i n-sit u 
pr ess ur e fills t h e s a m pl e c o m p art m e nt , a n d is p um p e d t hr o u g h t h e pr ess ur e v ess el f or 
h o urs / d a ys i n or d er t o g et s a m pl es wit h g o o d q u alit y. T h e v al v e is cl os e d w h e n t h e 
pr ess ur e fr o m t h e pr es s ur e h os e is r el e as e d , t h e n t h e P A V E e qui p m e nt wit h t h e 
pr ess ur is e d w at er s a m pl e s ar e lift e d u p t o t h e gr o u n d. T h e  pr ess ur e v es s els ar e cl os e d a n d 
r e m o v e d fr o m t h e P A V E u nit a n d s e nt t o t h e l a b or at ori es f or a n al ys es (Ö h b er g 2 0 0 6) . 
5. 2. 3  Fi el d m o nit o ri n g s yst e m ( K e n n ost o)  
T h e fi el d m o nit ori n g s yst e m c all e d K e n n ost o is l o c at e d at  t h e gr o u n d s urf a c e. All t h e 
gr o u n d w at er s a m pli n g s yst e ms c a n b e c o n n e ct e d t o t h e fi el d m o nit ori n g s yst e m, w hi c h 
c o nsists of t w o s e p ar at e d u nit s, t h e el e ctri c u nit a n d m e as uri n g u nit. T h e m e as uri n g u nit 
c o nsists of fl o w -t hr o u g h c ell s wit h el e ctr o d es a n d t h e cir c ul ati n g w at er p u m p (P osi v a 
2 0 1 8) . 
T h e el e ctri c u nit c o nsists of tr a ns mitt ers, d at a a c q uis iti o n e q ui p m e nt a n d  t h e c o u pli n gs 
n e e d e d t o c o ntr ol t h e p u m pi n g ( P osi v a 2 0 1 8.). It is i m p ort a nt t o pr ot e ct t h e fi el d 
m e as uri n g u nit fr o m t h e eff e ct s of w e at h er (r ai n, c ol d , et c.), s o t h e fi el d m e as uri n g u nit is 
pl a c e d i n a s h elt er e d  pl a c e  a b o v e  t h e drill h ol e ( Ö h b er g 2 0 0 6). T h e m e as uri n g r es ult s fr o m 
t h e el e ctr o d es of t h e fl o w-t hr o u g h c ell s ar e r e c or d e d i n a d at al o g g er  fr o m w hi c h  t h e d at a 
is tr a nsf err e d t hr o u g h o ut t h e G SM  n et w or k t o P O T TI ( P osi v a 2 0 1 8).  
 
3 9  
 
K e n n ost o is us e d t o c o ntr ol gr o u n d w at er p u m pi n g a n d t o f oll o w gr o u n d w at er q u alit y 
c o nti n u o usl y d uri n g p u m pi n g  ( P osi v a 2 0 1 8.) . I n pr a cti c e, K e n n ost o m e as ur e s p H, E C, O 2  
( p p b), E h a n d t e m p er at ur e fr o m p u m p e d gr o u n d w at er b y m e a ns of el e ctr o d es i nst all e d i n 
t h e fl o w-t hr o u g h c ell s. T h e r es ult s of p H- a n d E C  m e as ur e m e nts ar e v erifi e d b y  
o c c asi o n al fi el d m e as ur e m e nts wit h a p ort a bl e p H a n d E C m e as ur e m e nt g a u g e  ( P osi v a 
2 0 1 8) .  
I n a d diti o n t o t h e a b o v e -m e nti o n e d m e as ur e m e nts, t h e yi el d of t h e m e as ur e m e nt s e cti o n 
c a n b e m e a s ur e d b y m e a ns of  K e n n ost o  ( P osi v a 2 0 1 8). I n m ost c as es, fir st t h e w at er is 
p u m p e d a n d c oll e ct e d t o t h e K e n n ost o f or t hr e e mi n ut es aft er t h at  t h e w at er is p u m p e d t o 
m e as ur e m e nt s e ns ors or o ut of K e n n ost o f or o n e mi n ut e. W h e n t a ki n g a  s a m pl e f or 
m e as ur e m e nt , t h e v al v e o n t h e o ut er si d e of K e n n ost o m ust b e o p e n e d , aft er w hi c h  t h e 
p u m p e d gr o u n d w at er e xits  fr o m K e n n ost o ( P osi v a 2 0 1 8). T h e g r o u n d w at er s a m pl e is t h e n 
p ut i n a s p e ci al s a m pl e c o nt ai n er ( f or l a b or at or y s a m pl es) or i n a m e as uri n g dis h wit h 
s c al e (f or  yi el d, p H, E C fi el d m e as ur e m e nts).  
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6  L O N G -T E R M P U M PI N G T E S T I N O L -K R 6  
A l o n g -t er m gr o u n d w at er p u m pi n g t est st art e d o n 2 2 M ar c h , 2 0 0 1 at  Ol kil u ot o  i n drill h ol e 
O L -K R 6. T h e ai m w as t o m o nit or t h e eff e cts of  l o n g-t er m p u m pi n g fr o m O L-K R 6 o n 
gr o u n d w at er c o n dit i o ns (R eij o n e n et al. 2 0 1 5 ). O L -K R 6 is a 6 0 1 -m et er -l o n g drill h ol e 
drill e d t o w ar ds N N E ( 3 5. 9⁰) at a n a n g l e of 5 0⁰ a n d is l o c at e d i n t h e n ort h er n p arts of 
Ol kil u ot o Isl a n d  (R eij o n e n et al. 2 0 1 5 ). T h e l o n g -t er m p u m pi n g t est o n O L-K R 6 w as 
st o p p e d o n 1 8  F e br u ar y , 2 0 1 9 at 1 1: 3 0  a. m . 
T h e p u m pi n g t est is a wi d el y us e d m et h o d t o i n v esti g at e t h e p r o p erti es of gr o u n d w at er 
fl o w i n a c ert ai n ar e a ( Fitts 2 0 1 2) . Us u all y t h e t ests ar e tr a nsi e nt u nli k e i n t hi s c as e. T h e 
b asi c pri n ci pl e of a p u m pi n g t est is  si m pl e a n d  r e m ai ns t h e s a m e, w h et h er t h e t est is 
tr a nsi e nt or l o n g -t er m. B asi c all y , a w ell or drill h ol e is p u m p e d at a c o nst a nt r at e f or a 
s p e cifi e d ti m e  ( Fitts 2 0 1 2) , us u all y v ar yi n g  fr o m h o urs t o w e e ks, i n t hi s c as e, y e ars. T h e 
h e a d c h a n g es c a us e d b y p u m pi n g ar e m o nit or e d at t h e p u m pi n g w ell/ drill h ol e a n d at  
n e ar b y  n o n -p u m pi n g o b s er v ati o n p oi nt s  ( Fitts 2 0 1 2) . O bs er v ati o n p oi nt s c a n b e, f or 
e x a m pl e , pi e z o m et ers, w ell s or drill h ol es.  
I n t h e c as e of O L -K R 6 , t h e l o n g-t er m p u m pi n g t est h as b e e n a w a y  t o u n d erst a n d t h e 
h y dr o g e ol o gi c al a n d h y dr o g e o c h e mi c al pr o c ess es at t h e  Ol kil u ot o  sit e. It b e g a n i n t h e 
i n v esti g ati o n p h as e of O N K A L O  ( 2 0 0 1– 2 0 0 4) , c o nti n u e d i n t h e c o nstr u cti o n p h as e 
O N K A L O  ( 2 0 0 4– 2 0 1 2) (R eij o n e n et al. 2 0 1 5 ), a n d t h e n u ntil s pri n g 2 0 1 9.  
T h e c o nti n u o us p u m pi n g of O L -K R 6 c a n als o b e s e e n as a m o d el of h o w t h e u n d er gr o u n d 
o p e ni n gs at  O N K A L O  a n d at  t h e u n d er gr o u n d dis p os al f a cilit y will aff e ct t h e 
h y dr o g e ol o gi c al a n d h y dr o g e o c h e mi c al c o n diti o ns o n Ol kil u ot o  (R eij o n e n et al. 2 0 1 5 ). 
E x p eri e n c es of t hi s t est c a n b e util is e d w h e n esti m ati n g t h e d e v el o p m e nt of t h e 
h y dr o g e ol o gi c al a n d h y dr o g e o c h e mi c al c o n d iti on s d uri n g t h e o p er ati o n al p eri o d of t h e 
fi n al r e p osit or y. 
D uri n g l o n g -t er m p u m pi n g, o n e of t h e  t est t ar g ets h as b e e n t o r e c or d t h e p u m pi n g r at e, 
a n d a n ot h er h as b e e n t o m o nit or  t h e q u alit y of t h e gr o u n d w at er b y r e g ul ar s a m pli n g a n d 
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i n-sit u a n al ys es. I n -sit u E C m e as ur e m e nts, fl o w r at e m e as ur e m e nts a n d c h e mi c al a n al ys e s 
of t h e gr o u n d w at er h a v e b e e n c o n d u ct e d r e g ul arl y  (R eij o n e n et al. 2 0 1 5 ). 
D uri n g  t h e l o n g-t er m p u m pi n g t est, t h o us a n ds of c u bi c m etr e s of gr o u n d w at er h a s b e e n 
p u m p e d fr o m O L-K R 6. T h e a m o u nt  of gr o u n d w at er p u m p e d fr o m t h e drill h ol e b y t h e 
e n d of 2 0 1 2 w as a p pr o xi m at el y 8 5 ,0 0 0  m 3  a c c or di n g t o (R eij o n e n et al. 2 0 1 5 ). T h e 
p u m pi n g r at e v ari e d b et w e e n 1 0 a n d 2 5 l/ mi n i n t h e p eri o d 2 0 0 1 – 2 0 1 2  (R eij o n e n et al. 
2 0 1 5 ). T h e t ot al a m o u nt of p u m p e d w at er f r o m O L-K R 6 d uri n g l o n g -t er m p u m pi n g t est 
w as a p pr o xi m at el y a littl e o v er 1 2 0 0 0 0 m 3 . 
T h e l ar g e gr o u n d w at er p u m pi n g v ol u m e fr o m O L -K R 6 als o h el ps t o u n d erst a n d t h e 
eff e cts of O N K A L O  o n  gr o u n d w at er c o n diti o ns (R eij o n e n et al. 2 0 1 5 ). Aft er st o p pi n g t h e 
l o n g-ter m p u m pi n g t est at  O L -K R 6 i n s pri n g 2 0 1 9 , it h as b e e n  p ossi bl e  t o m o nit or h o w 
f ast a n d i n w h at w a y t h e i niti al gr o u n d w at er c o n diti o ns r et ur n t o t h eir n at ur al st at e.   
A n u n c ert ai nt y  r el at e d t o t hi s t h esis is t h at, b e c a us e t h e l o n g-t er m p u m pi n g t est h as b e en  
g oi n g o n f or 1 8 y e ars ( 2 0 0 1 – 2 0 1 9) , t h e gr o u n d w at er c o n diti o ns in t h e ar e a m a y  h a v e 
c h a n g e d.  A n o t h er q u esti o n w h et h er t h e ti m e b et w e e n st o p pi n g t h e l o n g-t er m p u m pi n g 
t est a n d st arti n g t h e i nt erf er e n c e t est w as l o n g e n o u g h f or t h e st a bili z ati o n of t h e n at ur al 
c o n diti o ns . F or t h e  af or e m e nti o n e d  r e as o ns, P F L  DI F F m e as ur e m e nt ( pri n ci pl es of P F L  
DI F F pr es e nt e d in S e cti o n  5. 1. 2.) w as d o n e i n O L -K R 6 b ef or e st arti n g t h e i nt erf er e n c e 
t est. T his m e as ur e m e nt s h o ul d i n di c at e w h et h er t h e tr a ns mi ssi viti es or fl o w c o n dit i o ns of 
t h e gr o u n d w at er  h a v e c h a n g e d.  
6. 1  R es ults a n d t h e o bs e r v e d c h a n g es i n h y d r o g e o l o g y a n d 
h y d r o g e o c h e mi st r y n e a r O L -K R 6  
6. 1. 1  H y d r o g e ol o g y  
T h e r es ult s of t h e O L -K R 6 l o n g -t er m p u m pi n g t est fr o m 2 0 0 1– 2 0 1 3  ar e  pr es e nt e d b y 
R eij o n e n et al . (2 0 1 5 ). T h e r es ult s fr o m 2 0 1 4 – 2 0 1 9 ar e pr es e nt e d i n fi g ur e 8 w h er e 
p u m pi n g is r epr es e nt e d b y a r e d li n e. T h e a m o u nt of p u m pi n g w as a p pr o xi m at el y 2 1 –
2 1. 5 l / mi n u ntil  F e br u ar y 2 0 1 6. Aft er t h at , it w as 2 0. 5 l/ mi n.  I nt err u pti o ns ( v al u e of 
p u m pi n g r at e z er o)  i n p u m pi n g w e r e c a us e d b y diff er e nt dist ur b a n c es  li k e p o w er o ut a g es. 
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T h e  w at er t a bl e  ( bl u e li n e) pr es e nt e d i n fi g ur e 8 is gi v e n as m et ers fr o m t h e gr o u n d  
s urf a c e . A v al u e of z er o in t h e w at er t a bl e m e a ns t h at it w as  n o t m e as ur e d f or s o m e r e as o n. 
T h er e is a cl e ar si g n of s e as o n al v a ri a n c e i n t h e w at er t a bl e. I n  l at e s u m m er , t h e 
gr o u n d w at er t a bl e l e v el eff e ct e d b y p u m pi n g  is l o w er ( a p pr o xi m at el y 9– 1 0  m etr e s fr o m 
t h e gr o u n d s urf a c e) a n d i n wi nt er/ s pri n g it is cl e arl y hi g h er ( o nl y 6. 5– 7 . 5 m etr e s). Br e a ks 
i n p u m pi n g ar e r e c or d e d as z er o in Fi g ur e 8 . T h es e br e a ks at  O L -K R 6 c a n b e s e e n i n 
G W M S  d at a fr o m ot h er drill h ol es.  
F or i nst a n c e , b et w e e n 7  a n d 1 0  D e c e m b er 2 0 1 8 , t h er e was  n o p o w er at  O L -K R 6 a n d 
p u m pi n g st o p p e d. T his c a us e d s o m e dist ur b a n c e  ( pr ess ur e i n cr e as e d) t o G W M S d at a 
fr o m O L-K R 1 9 , a n d als o  s o m e  mi n or dist ur b a n c e  t o G W M S d at a fr o m O L -K R 2 0. T his 
i nf or m ati o n w a s us e d w h e n pl a n ni n g a n i nt erf er e n c e t est n e ar O L -K R 6 ( S e cti o n  7. 3 ). 
Fi g ur e 8 . O L-K R 6 w at er t a bl e  a n d p u m pi n g r at e  d uri n g  a  lo n g -t er m p u m pi n g t est. P ossi bl e 
br e a ks in p u m pi n g  ar e s h o w n as a v al u e of z e r o  (r e d li n e). 
D e v el o p m e nt of fr a ct ur e -s p e cifi c fl o w  v al u es  a n d c h a n g es i n fl o w  c o n diti o ns  d uri n g t h e 
l o n g-t er m p u m pi n g t est will b e  pr es e nt e d  l at er in  a s e p ar at e w or ki n g r e p ort .  H o w e v er , it 

















































































































































































































































































O L -K R 6 p u m pi n g a n d w at er t a bl e 2 0 1 4 -2 0 1 9
W at er t a bl e
( m fr o m t h e
gr o u n d)
P u m pi n g
(l/ mi n)
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3 0  m etr e s (P osi v a  2 0 1 9) . T h er e s e e ms t o b e  n o m aj or c h a n g es i n fr a ct ur e -s p e cifi c fl o w s  
at a n y d e pt h. T h e n e w el e ctr o d e s et u p of t h e P F L  d e vi c e w as est a blis h e d in 2 0 1 4 aft er 
w hi c h E C v al u es h a v e st a bili s e d  m or e c o m p ar e d t o e arli er r es ult s  g ai n e d b ef or e 2 0 1 4.  
(P osi v a  2 0 1 9 ). 
U n c ert ai ni t y r el at e d t o t h e T P F L  v al u es  (s e cti o n 3. 3.) of O L -K R 6 is t h at t h e v al u es w er e  
m e as ur e d/  c al c ul at e d  o nl y i n 2 0 0 0. Aft er t h at , t h e v al u es  c o ul d n ot b e  c al c ul at e d  b e c a us e 
of t h e l o ng -t er m p u m pi n g t est ( o nl y o n e h e a d st at e). I n a d diti o n t o t h at, t h e v al u es h a d 
o nl y b e e n r e p ort e d i n P osi v a ’s w or ki n g r e p ort 2 0 1 2 -9 9  ( A h o k as et al. 2 0 1 2). 
Tr a ns mi ssi viti es w er e  d efi n e d in 1 9 9 9 a n d 2 0 0 0 a n d , b et w e e n t h es e m e as ur es , t h e 
drill h ol e w as e xt e n d e d . T h e  e xt e nsi o n of O L -K R 6 hi n d er e d t h e ass ess m e nt of t h e m ost 
r e pr es e nt ati v e TP F L  v al u e s. I n th e r e p ort it h a d b e e n e v al u at e d t h at t h e hi g h est TP F L  v al u e 
is al w a ys t h e m ost r e pr es a ntiti v e v al u e in O L -K R 6 ’s c as e ( A h o k as  et al.  2 0 1 2) .  
O L -K R 6 w as m e as ur e d w it h P F L DI F F b ef or e a n d aft er t h e i nt erf er e n c e t est as m e nti o n e d 
b ef or e,  a n d t h er e w er e n o n ot a bl e c h a n g es  (in t h e m e as ur e m e nt b ef or e t h e i nt erf er e n c e 
t est) c o m p ar e d t o  t h e m e as ur e m e nt in 2 0 0 0. I n t h e P F L m e as ur e m e nt d o n e aft er t h e 
i nt erf er e n c e t est, t h er e w er e s o m e pr o bl e ms d uri n g t h e m e as ur e m e nt.  T his h o w e v er di d n't 
aff e ct t o r es ult s of t hi s t h esis.  T h e  r es ult s of t h es e P F L DI F F m e as ur e m e nts will b e 
p u bli s h e d  s e p ar at el y l at er in a diff er e nt w or ki n g r e p ort . T h e pr eli mi n ar y P F L DI F F 
m e as ur e m e nt r es ult s b ef o r e t h e i nt erf er e n c e t e st w er e utilis e d w h e n pl a n ni n g t h e 
i nt erf er e n c e t est (S e cti o n  7. 3).  
6. 1. 2  H y d r o g e o c h e mist r y  
T h e h y dr o g e o c h e mi c al r es ult s r el at e d t o t h e O L -K R 6 l o n g -t er m p u m pi n g t est ar e 
pr es e nt e d i n A p p e n di x 1. T h e r e d li n es o n t h e diff er e nt t a bl es r e pr es e nt t h e st art of t h e 
c o nstr u cti o n of O N K A L O.  
S ali nit y ( Cl -c o n c e ntr ati o n) i n br a c kis h S O 4  gr o u n d w at ers w as st a bili s e d i n 2 0 0 2 – 2 0 0 7. 
Si n c e t h e n t h er e h as b e e n sl o w, st e a d y dil uti o n. At d e pt h of 9 7. 5 – 1 0 0. 5 m w as c h a n g e i n 
2 0 1 6 a n d Cl -c o n c e ntr ati o n h a v e st a bili z e d aft er t h at.  ( P osi v a 2 0 1 9 ) 
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D e v el o p m e nt of S O 4  c o n c e ntr ati o n is r es e m bli n g  t h e d e v el o p m e nt of Cl-c o n c e ntr ati o n, 
a n d t h e e v ol uti o n of DI C c o n c e ntr ati o n ( diss ol v e d i n or g a ni c c ar b o n) is o p p osit e t o C l a n d 
S O 4  c o n c e ntr ati o ns. T his is a n i n di c ati o n of a n i n cr e as e i n bi c ar b o n at e w at er i n r el ati o n 
t o S O4  w at er a n d e x pl ai ns t h e dil uti o n. S m all i n cr e as e of  D O C c o n c e ntr ati o n ( diss ol v e d 
or g a ni c c ar b o n) c o ul d  i n di c at e a n i n cr e as e i n bi c ar b o n at e w at er. T his o bs er v ati o n a n d 
d e d u cti o n s h o ul d c o nsi d er as u n c ert ai n. T h e i n cr e a si n g DI C c o n c e ntr ati o n at 9 7. 5 – 1 0 0. 5 
m o n 2 0 1 3 is ass u m e d t o b e r el at e d t o t h e tr a nsf er ri n g of t h e e xtr a cti o n pi p e  f or l o n g er 
dist a n c e fr o m O L -K R 6.  ( P osi v a 2 0 1 9 ) 
Als o, t h e DI C c o n c e ntr ati o n i n di c at es t h e i ntr usi o n of bi c ar b o n at e w at er b e c a us e t h e DI C 
c o n c e ntr ati o n of 1 0 – 2 0 m g/ L is hi g h er t h a n t h e i niti al st at e of br a c kis h S O 4  gr o u n d w at er. 
Is ot o p es of w at er (1 8 O) ar e n ot s e nsiti v e t o p er c ei v e d s m all c h a n g es ( P osi v a  2 0 1 9 ). 
O n  t h e s a m pli n g s e cti o n 4 2 2 – 4 2 5  m, t h e c o n c e ntr ati o n of S O 4  d e cr e as e d b y 
a p pr o xi m a t el y 1 0 % fr o m t h e 2 0 0 3 l e v el. I n t hi s s a m pli n g s e cti o n, S 2 - c o n c e ntr ati o n s e e ms 
t o h a v e i n cr e as e d fr o m 2. 8 5 m g/ L t o 6 m g/ L, a p pr o xi m at el y 1 1 0  %. Als o, 1 8 O -
c o n c e ntr ati o n s e e ms t o h a v e b e e n i n cr e asi n g si n c e 2 0 0 9 ( P osi v a  2 0 1 9 ). 
T h er e w er e n o m aj or c h a n g es i n  fr a ct ur e-s p e cifi c E C v al u es d uri n g t h e l o n g -t er m 
p u m pi n g t est, b ut t h er e ar e s m all i n di c ati o ns of dil uti o n b et w e e n ol d a n d n e w E C v al u es. 
T h es e i n di c ati o ns s u p p ort t h e c h e mi str y r es ults of O L -K R 6. D uri n g t h e ol d E C 
c o nfi g ur ati o n ( S e cti o n  5. 1. 2), it is p os si bl e t h at m a n y of t h e s a m pli n g s e cti o ns w er e 
dist ur b e d b y us e d  E C c o nfi g ur ati o n ( P osi v a  2 0 1 9 ). 
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7  A N I N T E R F E R E N C E T E S T  
A n i nt erf er e n c e t est i n t h e O L -K R 6 n e ar b y  ar e a w as  d o n e i n s pri n g  a n d s u m m er  2 0 1 9 . 
Pl a n ni n g of t h e t est st art e d i n D e c e m b er 2 0 1 8 . T h e t est w as  d o n e  m ai nl y b y p u m pi n g a 
s p e cifi c  s e cti o n of O L -K R 6 wit h a M P  p u m p , a n d w as e x e c ut e d wit h  t h e m o difi e d 
p u m pi n g d e vi c e  pr es e nt e d  in S e cti o n  7 .2. 1.  T h e p u m pi n g  s e cti o ns  of t h e  i nt erf er e n c e t est 
w er e  s el e ct e d i n c oll a b or ati o n wit h P ö yr y's a n d P osi v a's  e x p erts a n d w er e  b as e d o n t h e 
2 0 1 5 h y dr o g e ol o gi c al m o d el ( V aitti n e n et al. 2 0 X X  - i n pr e p. ), fl o w-l o g gi n g d at a 
(fr a ct ur e-s p e cifi c tr a ns mi ssi viti es) fr o m P F L  m e as ur e m e nts a n d o n  t h e r es ult s of t h e l o n g-
t er m p u m pi n g t est.  
T h e b asi c pri n ci pl e of t h e p u m pi n g t e st is d es cri b e d i n S e cti o n  6 . 1. P u m pi n g of o n e p art 
of t h e drill h ol e cr e at es  a dr a w d o w n t o t h e gr o u n d w at er  t a bl e n e ar t h e p u m p e d drill h ol e  
(i. e. c o n e of d e pr essi o n)  ( M äl k ki 1 9 9 9). W h e n t h er e ar e s e v er al drill h ol es in t h e ar e a a n d 
h y dr a uli c c o n n e cti o ns b et w e e n t h e drill h ol es, t h e dr a w d o w n c a us e d b y p u m pi n g s h o ul d 
als o b e  d et e ct e d fr o m t h e s urr o u n di n g drill h ol es.  
I n t hi s t h esis, t h e i nt erf er e n c e t est (b asi c all y a p u m pi n g  t est o n O L -K R 6) is m e a nt t o c a us e 
dr a w d o w n t o t h e s urr o u n di n g ar e a  of O L -K R 6  (f o c usi n g o n  s el e ct e d h y dr o g e ol o gi c al 
z o n es) . D uri n g t h e t est, t h e G W M S d at a ( S e cti o n  5. 1. 5 ) will b e u n d er m or e pr e cis e  
m o nit ori n g. Fr o m G W M S  d at a , it is p ossi bl e t o s e e t h e pr ess ur e r es p o ns es c a us e d b y 
dr a w d o w n fr o m O L -K R 6 p u m pi n g.  
Drill h ol es u n d er m or e  pr e cis e  m o ni t ori n g ar e O L-K R 2, -K R 1 2, -K R 1 3, -K R 1 9,  -K R 2 0  
a n d -K R 4 2 ( F i g ur e 9). T h e d ist a n c e b et w e e n O L-K R 6 a n d t h es e drill h ol es v ari es b et w e e n 
2 3 5  a n d 5 0 5 m.  
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Fi g ur e 9 . T h e drill h ol es n e ar O L-K R 6 u n d er m or e pr e ci s e  m o nit ori n g (r e d), O L -K R 6 ( bl u e) . T h e 
bl a c k c ol o ur m e a ns t h at drill h ol e O L -K R 5 h a s  b e e n fill e d u p a n d m o nit ori n g st o p p e d at t h at  
drill h ol e . M a p © P osi v a . 
Fi g ur e 1 0 . Drill h ol es i n cl u d e d i n a n i nt erf er e n c e t est a n d h y dr o g e ol o gi c al z o n es in t h e ar e a. 
H Z L 4 i s gr e e n, H Z 0 0 1 y ell o w, H Z 0 9 9 r e d, H Z 2 1 B  bl u e a n d H Z 2 1 B li g ht br o w n. A  l a y o ut of 
O N K A L O i s al s o pr es e nt e d in th e fi g ur e , w hi c h i s vi e w e d f r o m a b o v e. 
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O n e of t h e ai m s  of t hi s t h esis w a s t o v erif y a h y dr a uli c  c o n n e cti o n  b et w e e n O L -K R 6  a n d  
H Z 2 1. T h e H Z 2 1 c o n n e cti o n is u n c ert ai n  b e c a us e, d uri n g t h e p u m pi n g br e a k s in  t h e l o n g-
t er m p u m pi n g t est o n O L-K R 6 , t h er e w er e  n o  o bs er v e d c o n n e cti o ns b et w e e n O L -K R 6 
a n d t h e  H Z 2 1 z o n e  i nt ers e cti o ns in s urr o u n di n g drill h ol es  (R eij o n e n et al. 2 0 1 5 ).  A n ot h er 
o bj e cti v e w as  t o a n al ys e if t h er e is a c o n n e cti o n b et w e e n  O L -K R 6 a n d H Z 2 0 A , w hi c h 
w as s u g g est e d b y  (R eij o n e n et al. 2 0 1 5 ). A n ot h er ar e a of i nt er est w as  t h e c o nti n u ati o n of 
t h e H Z L 4 z o n e. O n e ai m w as t o  v erif y  if it r e a c h es O L-K R 4 2. Als o of i nt er est is t h e  
i nt ers e cti o n of t h e H Z 0 9 9 z o n e  in O L -K R 6 . T his h y dr o g e ol o gi c al z o n e w as tra ns p os e d 
al o n gsi d e t h e g e ol o gi c al O L -B F Z 0 9 9 t o O L -K R 6  ( V aitti n e n et al. 2 0 x x. - i n pr e p. ). 
U n c ert ai nti es  r el at e d t o pl a n ni n g a n i nt erf er e n c e t est ar e t h e eff e cts of t h e l o n g-t er m 
p u m pi n g t est in O L -K R 6 o n  gr o u n d w at er fl o w c o n diti o ns i n t h e O L -K R 6 ar e a. T h e s e 
u n c ert ai nti es  ar e pr es e nt e d o n S e cti o n  6. 1 . Ot h er u n c ert ai nti es  ar e r el at e d t o t h e ti m et a bl e. 
It w as esti m at e d t h at wit h i n t w o w e e ks of  t h e st art of p u m pi n g o n O L -K R 6 , t h er e s h o ul d 
b e  h y dr a uli c  r es p o ns es  in s urr o u n di n g drill h ol es, if t h er e is a h y dr a uli c c o n n e cti o n 
b et w e e n t h e drill h ol es.  T his ti m e v al u e is b as e d o n O L -K R 6 l o n g -t er m p u m pi n g t est d at a 
( es p e ci all y t h e c o ns e q u e n c es  of t h e p u m pi n g br e a ks o n O L -K R 6), e x p eri e n c es of e arli er 
i nt erf er e n c e t ests (e. g.  P e ntti et al. 2 0 1 9) a n d e x p ert esti m at e s. B e c a us e t h e ti m e of t hi s 
t est w as li mit e d, p u m pi n g at e a c h s e cti o n  l ast e d t w o w e e ks at m ost.  
7. 1  I nt e rf e r e n c e t est e q ui p m e nt s p e cifi c ati o ns  
7. 1. 1  E q ui p m e nt o v e r vi e w  ( p u m pi n g) 
T h e i nt erf er e n c e t est o n O L -K R 6 w as  d o n e b y m o difi e d e q ui p m e nt  (F i g ur e 1 1). It c o nsists 
of s o m e p arts of P F L  e q ui p m e nt ( S e cti o n  5. 1. 2 & 5. 1. 3) a n d  t w o i nfl at a bl e r u b b er p a c k ers. 
O n e util is e d c o m p o n e nt w as als o a p u m p c o nt ai n er , w hi c h w as us e d in a n O L -K R 2 9 
p u m pi n g t est y e ars b ef or e  (P e ntti et al. 2 0 1 8 .). T h e u s e d p u m p is a n or m al M P p u m p  
(S e cti o n  7 . 2. 2).  
R u b b er p a c k ers ar e  n or m al o n es als o us e d i n t h e m ulti -p a c k er s yst e m i n ot h er drill h ol es.  
T h e o nl y diff er e n c e is t h at t h er e is a l ar g er l e a d -t hr o u g h pr o b e t hr o u g h t h e u p p er p a c k er 
( 2 0 m m). Us u all y t h e l e a d -t hr o u g h pr o b es ar e 8/ 6 m m, s o t hi s ti m e t h ere w as  a d d -o n 
e q ui p m e nt a b o v e t h e u p p er p a c k er.  
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T h e l o w est p art of t h e s yst e m is t h e l o w er r u b b er p a c k er (F i g ur e 1 1) fr o m w hi c h t h er e is 
a fl o w-t hr o u g h pr o b e ( F i g ur e 1 1 .) t hr o u g h t h e t e st s e cti o n t o a p oi nt a b o v e t h e u p p er 
p a c k er. T his is d o n e t o pr e v e nt p os si bl e l ar g e pr ess ur e diff er e n c es ar o u n d t h e t est s e cti o n. 
T h er e ar e  als o 1 – 2 a d diti o n al w ei g hts ( 2 0 k g e a c h) t o f a cilit at e t h e i nst all ati o n of t h e 
s yst e m i n t h e drill h ol e.  
T h e l o w er p a c k er is c o n n e ct e d t o t h e u p p er p a c k er b y st ai nl ess st e el  r o ds. T h er e is als o a 
pr ess ur e pr o b e  (F i g ur e 1 1 .) f or b ot h t h e p a c k ers fr o m a b o v e gr o u n d. T h e p a c k ers ar e 
p uff e d u p wit h w at er p u m p e d t hr o u g h t h e pr ess ur e pr o b e.  
T h e u p p er p a c k er is c o n n e ct e d t o t h e S P R  s e ns or  (F i g ur e 1 1) wit h a st ai nl ess -st e el  r o d. 
T h e l ar g er s a m pl e pr o b e  h as t h e  af or e m e nti o n e d st ai nl ess -st e el  a d d -o n e q ui p m e nt. It 
c o n n e cts a l ar g er di a m et er s a m pl e pr o b e t o f o ur s m all s a m pl e pr o b es ( di a m et er 8/ 6 m m) , 
w hi c h  g o t hr o u g h t h e S P R  s e ns or t o t h e u p p er p art of t h e s yst e m  w h er e t h e y  ar e c o n n e ct e d 
t o t h e af or e m e nti on e d a d d -o n e q ui p m e nt. T h e o t h er e n d of t h e a d d-o n e q ui p m e nt is 
c o n n e ct e d t o a l ar g er s a m pl e pr o b e (i n n er di a m et er 2 0 m m), w hi c h is c o n n e ct e d t o t h e 
p u m p c o nt ai n er.  
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Fi g ur e 1 1 . C o n c e pt u al vi s u alis ati o n of t h e i nt erf er e n c e t est e q ui p m e nt. T h e fi g ur e i s n ot to  s c al e. 
T h e fi g ur e s h o ws  m e as ur e d v al u es ( i. e. h y dr a uli c h e a ds of t h e drill h ol e, p u m p c o nt ai n er a n d t est 
s e cti o n). 
I nsi d e t h e S P R s e ns or  (F i g ur e 1 1) is a P F L DI F F pr ess ur e pr o b e , w hi c h m e a s ur es t h e s u m 
of at m os p h eri c a n d  h y dr ost ati c pr ess ur e  i nsi d e t h e t est s e cti o n  ( a bs ol ut e pr ess ur e) 
( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ). At m os p h eri c pr ess ur e is als o m e as ur e d 
s e p ar at el y.  T h e at m os p h eri c pr ess ur e r e c or d e d at t h e sit e is first s u btr a ct e d fr o m t h e 
a bs ol ut e pr ess ur e m e as ur e d b y t h e pr ess ur e s e ns or ( P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n 
pr e p. ), t h e n t h e h y dr a uli c h e a d c a n b e c al c ul at e d. T h e c al c ul ati o n of t h e h y dr a uli c h e a d is 
pr es e nt e d o n S e cti o n  7. 4. 1.  
T h e S P R  s e ns or  ( Si n gl e P oi nt R esist a n c e) is us e d  w h e n i nst alli n g t h e i n v esti g ati o n 
e q ui p m e nt t o t h e ri g ht d e pt h . A b o v e t h e S P R  s e ns or t h er e is als o a st o n e c oll e ct or  (i n 
Fi n ni s h " ki vi k u p pi " ), it i s s u p p os e d t o pr ot e ct t h e e q ui p m e nt fr o m d e bris a n d r o c ks) t h at 
c a n b e us e d t o pr e v e nt t h e e q ui p m e nt t o g et st u c k i n t h e drill h ol e.  T h e S P R  s e ns or is 
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c o n n e ct e d t o P F L  c a bl e t hr o u g h t h e st o n e c oll e ct or . I nsi d e t h e c a bl e ar e t h e el e ctr o ni c s  
us e d t o tr a nsf er pr ess ur e d at a fr o m t h e pr ess ur e s e ns or t o t h e c o m p ut er l o c at e d in t h e P F L  
tr ail er (H ei k ki n e n 2 0 1 9. - p ers o n al i nf or m ati o n) . 
T h e p u m p c o nt ai n er is at a d e pt h of 2 0 – 4 0  m etr e s. T h e l o w est p art of t h e p u m p c o nt ai n er 
i s m a d e of st ai nl ess st e el. T h e p u m p c o nt ai n er  is c o n n e ct e d t o pl asti c  P E H  pr o b es 
( di a m et er 6 3/ 5 1 m m), th e l o w est of w hi c h  is c o n n e ct e d t o a p u m p  c o nt ai n er wit h a t hr e a d 
c o n n e cti o n a n d  s o m e s pir al t a p e o n it . P E H pr o b es ar e c o n n e ct e d t o e a c h ot h er b y t hr e a d 
c o n n e cti o ns a n d i nsi d e e v er y j u n cti o n is a r u b b er O -ri n g us e d  t o s e al it. T h e P E H  pr o b es 
ar e e a c h 2  m etr e s l o n g, e x c e pt t h e l o w est a n d u p p er m ost , w hi c h ar e 1  m etr e  l o n g. T h er e 
ar e a t ot al of 1 9 2 m -l o n g P E H  pr o b es  a n d t w o 1  m o n es . T h e l ast pr o b e e xt e n ds  
a p pr o xi m at el y 1  m etr e  a b o v e gr o u n d.  
T h e M P  p u m p is i nst all e d i nsi d e t h e p u m p c o nt ai n er  (F i g ur e 7) th r o u g h P E H pr o b es. T h e 
p u m p is c o n n e ct e d t o a pl asti c pr o b e a n d a b o v e gr o u n d t h er e ar e f or k e d v al v e s. T his  w a s 
d o n e t o cr e at e cir c ul ati o n f or s o m e  of t h e p u m p e d w at er  (F i g ur e 7), w hi c h w as n e e d e d 
b e c a us e t h e s u p p os e d p u m pi n g r at e w a s s o l o w i n m ost of t h e  t est s e cti o ns. Ot h er wis e t h e 
w at er w o ul d h a v e e n d e d a n d t h e p u m p w o ul d h a v e st art e d t o c a vit at e w hi c h w o ul d h a v e 
c r e at e d pr o bl e ms. 
T h e s yst e m i s b as e d o n t h e w at er t a bl e i n t h e drill h ol e b ei n g t h e  s a m e as i nsi d e t h e p u m p 
c o nt ai n er a n d P E H  pr o b es. I n t hi s w a y , t h e h y dr a uli c h e a ds ar e  als o e q u al i n t h e t est 
s e cti o n, i n t h e p u m p c o nt ai n er a n d i n t h e drill h ol e. O n t h e ot h er h a n d , i n r e alit y t h er e ar e 
s o m e diff er e n c es in t h e h y dr a uli c h e a d at  l o w er d e pt hs b e c a us e t h e s ali nit y of t h e w at er 
diff ers d e p e n di n g of t h e d e pt h ( S e cti o n  3. 4). Us u all y , b e c a us e of t his , t h e h y dr a uli c h e a d 
i s hi g h er i n t h e t est s e cti o n t h a n t h e fr esh w a t er h e a d i n t h e drill h ol e a n d  p u m p c o nt ai n er.  
W h e n p u m pi n g is st art e d , t h e w at er t a bl e ( a n d h y dr a uli c h e a d) d e cr e as e dr a m ati c all y 
i nsi d e t h e p u m p c o nt ai n er. T his cr e at es a pr ess ur e diff er e n c e ( h y dr a uli c gr a di e nt, S e cti o n  
3. 6)  b et w e e n t h e t est s e cti o n a n d p u m p  c o nt ai n er. T h e p r ess ur e diff er e n c e cr e at es s u cti o n 
fr o m t h e t est s e cti o n t o t h e p u m p c o nt ai n er a n d t h e pr ess ur e i n t est s e cti o n d e cr e as es t o o. 
T his e n a bl es a  dr a w d o w n i n t h e t est s e cti o n.  
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7. 1. 2  E q ui p m e nt o v e r vi e w ( o v e r p r ess u r e)  
T h e o v er pr ess ur e w as utili z e d i n t h e t hir d p u m pi n g ( C h 7.5 . 3.). B asi c all y t h e e q ui p m e nt 
w as t h e  s a m e as i n t h e p u m pi n g. Still t h er e w er e  s o m e diff er e n c es. O n e w a s  t h e f a ct t h at 
t h er e w er e n o pr ess ur e m e as ur e m e nt i nsi d e t h e P E H-pr o b es ( p u m p c o nt ai n er). T h e 
p a c k ers us e d f or is ol at e t h e t est s e cti o n w er e  s a m e as i n t h e p u m pi n g c as e s. T h e w at er 
t a bl e o n drill h ol e as w ell as t h e h y dr a uli c h e a d i n t h e t est s e cti o n w er e  m e as ur e d as i n t h e 
p u m pi n g c as es.  
O v er pr ess uri n g is e x e c ut e d b y m e a ns of a ki n d of pl u g ( Fi g ur e 1 2 .). Pl u g is i ns ert e d t o 
u p p er p arts of p u m p c o nt ai n er. Pl u g is p uff e d o ut i n or d er t o is ol at e t h e p u m p c o nt ai n er 
fr o m air. T hr o u g h t h e pl u g t h er e is a h os e fr o m w hi c h t h e w at er is p u m p e d t o t h e p u m p 
c o nt ai n er. As a c o ns e q u e n c e t h e pr ess ur e o n t h e p u m p c o nt ai n er st arts t o i n cr e as e a n d 
aft er t his t h e pr ess ur e will i n cr e as e als o i n t h e t est s e cti o n.  
Fi g ur e 1 2 . C o n c e pt u al vis u alis ati o n of t h e i nt erf er e n c e t est ( o v er pr ess ur e) e q ui p m e nt. T h e fi g ur e 
i s n ot t o s c al e. T h e fi g ur e s h o ws m e as ur e d v al u es (i. e. h y dr a uli c h e a ds of t h e drill h ol e a n d t est 
s e cti o n 
 
5 2  
 
T h e cir c ul ati o n s yst e m ( Fi g ur e 1 2 ) w as als o utili z e d i n t h e o v er pr ess uri n g e q ui p m e nt. It 
w as us e d i n or d er t o pr e v e nt t h e i n cr e as e of pr ess ur e w hi c h c o ul d br e a k t h e 
p u m p c o nt ai n er.  
7. 1. 3  M P  p u m p  
T h e p u m p us e d i n t h e i nt erf er e n c e t est w as a n  M P 1 p u m p d esi g n e d  b y Gr u n df os. It is a n 
el e ctri c all y dri v e n 2 " s u b m ersi bl e p u m p m a d e f or p ur gi n g or s a m pli n g c o nt a mi n at e d/  
p oll ut e d gr o u n d w at er. It is dri v e n b y a n a dj ust a bl e B MI/ M P 1 c o n v ert er i n t h e 5 0 t o 4 0 0 
H z fr e q u e n c y r a n g e a n d its n o mi n al p erf or m a n c e is 1 m 3 / h at 7 5 m h e a d. N o mi n al fl o w 
r at e r a n g e is 0. 1– 1 m 3 / h (Eij k el k a m p 2 0 1 9) . 
A c o n v ert er is us e d t o a dj ust t h e fr e q u e n c y of t h e p u m p, w hi c h a dj ust s t h e p u m p s p e e d , 
b ut  t h e yi el d of t h e p u m p e d w ell/ drill h ol e/is ol at e d s e cti o n s h o ul d b e hi g h er t h a n t h e 
p u m pi n g  r at e. If t h e yi el d is s m all er, t h e w at er t a bl e m a y f all b el o w t h e s u cti o n 
i nt er c o n n e ct or a n d air will b e s u c k e d i nt o t h e p u m p. T his r e d u c es t h e c o oli n g of t h e m ot or 
a n d  t h e p u m p c a n b e d a m a g e d.  
T h e pr o bl e m of t h e us e d M P 1 p u m p is t h e f a ct t h at it h as  n o t b e e n d esi g n e d f or c o nti n u o us 
p u m pi n g , w hi c h c o ul d c a us e s o m e pr o bl e ms if p u m pi n g ti m es dr a g o n  f or l o n g er t h a n 
pl a n n e d.  
7. 2  Pl a n ni n g of t h e i nt e rf e r e n c e t est  
T h e p l a n ni n g of t h e i nt erf er e n c e t est st art e d in D e c e m b er 2 0 1 8 .  T h e pr o c e ss of pl a n ni n g 
t h e i nt erf er en c e t est w as gr a d u al as f oll o ws:  
1.  T h e  c urr e nt  h y dr o g e ol o gi c al m o d el of t h e O L -K R 6 ar e a w as st u di e d.  
2.  T h e fr a ct ur e -s p e cifi c P F L tr a ns mi ssi vit y v al u es w er e vi e w e d fr o m O L -K R 6 P F L 
d at a.  
3.  D at a fr o m 1 a n d 2 w er e c o m bi n e d  wit h t h e O L -K R 6 str u ct ur al m o d el ( V aitti n en 
et al. 2 0 x x )  a n d drill h ol e l e n gt h s f or p u m pi n g w er e s el e ct e d . 
4.  T h e p r e cis e positi o ns of t h e  i nfl at a bl e r u b b er pa c k er s w er e s el e ct e d b as e d o n t h e 
g e ol o gi c al a n d g e o p h ysi c al d at a fr o m H y p er d at a s oft w ar e . 
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5.  T h e a m o u nt of p u m pi n g n e e d e d f or 1 0 m dr a w d o w n i n O L -K R 6 w as  c al c ul at e d . 
6.  Pri oritis ati o n wit h s el e ct e d drill h ol e s e cti o ns w as  d o n e  b as e d o n t h e i nt er est of 
tr a ns mi ssi viti es. I n r e alit y, b e c a us e of o ur e q ui p m e nt s p e cifi c ati o ns w e w er e 
f or c e d t o p u m p fr o m t h e l o w est t est s e cti o n a n d pr o c e e d t o t h e u p p er s e cti o ns.  
T h e e x c e pti o n t o p oi nt 6 w as t h e first p u m pi n g  ( pl a n f or p u m pi n g is pr es e nt e d o n fi g ur e 
1 3 ), w hi c h w as d o n e fr o m a  d e pt h of 5 0  m etr e s. T his  w as d o n e  t o t est t h at o ur e q ui p m e nt 
w as w or ki n g , a n d b e c a us e, if t h er e h a d b e e n  s o m e pr o bl e ms wit h t h e e q ui p m e n t, p ossi bl e 
i m pr o v e m e nts wo ul d h a v e b e e n  e asi er t o d o w h il e t h e e q ui p m e nt w a s cl os er t o t h e gr o u n d 
s urf a c e.  
T h e a m o u nt of p u m pi n g n e e d e d f or 1 0 m dr a w d o w n c a n b e  c al c ul at e d as f oll o ws 
( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ): 
𝑑 s 2 = 𝑑 P F L ,s ∙ 𝑠 ∙ ( ℎ s − ℎ 2 ) ,    (6 ) 
w h er e  
  Q s 2 is pr e di ct e d fl o w, 
  T P F L, s is tr a ns mi ssi vit y b a s e d o n P F L m e as ur e m e nt s  
  a  is a c o nst a nt d e p e n di n g o n t h e fl o w g e o m etr y, 
  h 2  is t h e h y dr a uli c h e a d i n t h e drill h ol e, a n d  
  h s is t h e s e cti o n h e a d f ar fr o m t h e drill h ol e. 
I n t hi s c as e t h e pr e di ct e d fl o w (fl o w r at e o ut fr o m drill h ol e  = a m o u nt of p u m pi n g) Q is 
u n k n o w n. T P F L, s is c al c ul at e d b as e d o n P F L m e as ur e m e nts  a n d  fr a ct ur e-s p e cifi c 
tr a ns mi ssi viti es ar e a d d e d u p fr o m t h e s el e ct e d drill h ol e s e cti o n . T h e m a g nit u d e of d esir e d  
dr a w d o w n is 1 0  m etr e s, s o t h e v al u e of h s- h 2 is 1 0 m. 
F or c yli n dri c al fl o w , t h e p ar a m et er a is:  
𝑠 =
2 𝑑
l n( 𝑑 𝑠 0⁄ )
 ,     (7 ) 
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w h er e  
  r0  is t h e r a di us of t h e drill h ol e a n d 
  R is t h e r a di us of i nfl u e n c e, i. e., t h e z o n e i nsi d e w hi c h t h e eff e ct of p u m pi n g is 
f elt 
T h er e is v er y littl e k n o wl e d g e of fl o w g e o m etr y , s o c yli n dri c al fl o w wit h o ut s ki n z o n es 
is ass u m e d ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ). C yli n dri c al fl o w g e o m etr y is als o 
j ustifi e d d u e t o  t h e drill h ol e b ei n g  at a c o nst a nt h e a d  ( P e k k a n e n & K o m ul ai n e n 2 0 x x –  i n 
pr e p.) .  I n t hi s c as e t h er e ar e n o str o n g pr ess ur e gr a di e nts al o n g t h e drill h ol e ex c e pt at it s 
e n ds ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ).  
Als o , t h e r a di al dist a n c e R t o t h e u n dist ur b e d h y dr a uli c h e a d h is n ot k n o w n s o it m ust b e 
ass u m e d ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ). A v al u e of 5 0 0 f or t h e R/r 0 q u oti e nt  
c a n b e s el e ct e d, w h i c h c orr es p o n ds t o a r a di us of i nfl u e n c e i n t h e or d er of 1 9 m w h e n t h e 
di a m et er of t h e drill h ol e is 7 6 m m  ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p.) as i n O L -
K R 6 ’s c as e . I n pr a cti c e, t hi s v al u e of 5 0 0 m e a ns t h at p ar a m et er 𝑑  c a n b e ass u m e d t o b e 
1.  
C al c ul at e d p u m pi n g r at e s f or 1 0  m dr a w d o w n at  O L -K R 6 ar e s h o w n i n Fi g ur e 1 3 . If 
n e c ess ar y t h e o v er pr ess uri n g c a n b e utili z e d i nst e a d of p u m pi n g. I n t hi s c as e t h e 
e q ui p m e nt is b asi c all y t h e s a m e, b ut i nst e a d of p u m pi n g t h e w at er o ut fr o m t h e t est 
s e cti o n, t h e m ar k e d w at er is p u m p e d t o t h e t est s e cti o n  (S e cti o n  7. 1 . 2).  T his w a y t h e 
cr e at e d dist ur b a n c e is o p p osit e c o m p ar e d t o p u m pi n g.  
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Fi g ur e 1 3.  C al c ul at e d p u m pi n g r at e Q s 2 f or 1 0 m dr a w d o w n at  O L -K R 6.  F or m ul a i s pr e s e nt e d in 
e q u ati o n 4.  I n t h e fi g ur e i s pr e s e nt e d pr oj ect e d t est s e cti o ns.  
 
T h e u n c ert ai nti es  r el at e d t o t h e c al c ul ati o n of TP F L -v al u es a n d t o h y dr a uli c h e a d h as b e e n 
dis c uss e d o n ( P e k k a n e n & K o m ulai n e n 2 0 x x –  i n pr e p. ). T o c ut a l o n g st or y s h ort, it c a n 
b e s ai d t h at si n c e t h e fl o w g e o m etr y a n d s ki n eff e cts ar e b asi c all y u n k n o w n, P F L 
tr a ns mi ssi viti es s h o ul d b e c o nsi d er e d  as a n i n di c ati o n of t h e or d er of m a g nit u d e of r e al 
tr a ns mi ssi vit y ( P e k k a ne n & K o m ul ai n e n 2 0 x x –  i n pr e p. ).  C al c ul at e d h y dr a uli c h e a ds d o 
n ot d e p e n d o n g e o m etri c al pr o p erti es , b ut o nl y o n t h e r ati o of t h e fl o w s m e as ur e d at 
diff er e nt h e a ds i n t h e drill h ol e ( P e k k a n e n & K o m ul ai n e n 2 0 xx –  i n pr e p. ).  F or t hi s 
r e as o n, t h e y s h o ul d b e l ess s e nsiti v e t o u n k n o w n fr a ct ur e g e o m etr y ( P e k k a n e n & 
K o m ul ai n e n 2 0 x x –  i n pr e p.). Pri n ci pl e of T P F L
M e a s ur e m e nt s e cti o n P F L d e pt h of fr a ct ur e 
T pfl of e a c h 
fr a ct ur e ( m 2 / s)
T pfl of t e st 
s e cti o n 
( m 2 / s)
W a nt e d 
dr a w d o w n 
( m) ( h s- h 2)
Qs 2 
(l / mi n)
2 9. 4 3. 4 0 E- 0 8
3 0. 4 1. 8 0 E- 0 8
3 0. 8 5 5. 9 0 E- 0 9
3 2. 8 7. 6 0 E- 0 6
3 3. 6 1. 0 0 E- 0 5
3 3. 9 2. 8 0 E- 0 7
4 8. 1 1. 7 0 E- 0 8
4 8. 8 4. 3 0 E- 0 6
4 9. 1 1. 4 0 E- 0 6
4 9. 5 7. 8 0 E- 0 8
5 0. 4 9. 3 0 E- 0 9
5 1. 1 8. 7 0 E- 0 9
5 2 1. 5 0 E- 0 8
5 2. 6 5. 0 E- 0 6
5 4. 4 8. 5 E- 0 8
5 5. 2 6. 8 E- 0 6
5 5. 8 3. 0 E- 0 8
5 6. 5 4. 7 0 E- 0 7
5 7 2. 0 0 E- 0 6
5 9 1. 9 0 E- 0 5
6 1 5. 8 0 E- 0 8
9 6. 5- 1 0 2. 4 m 9 9. 8 5. 8 0 E- 0 6 5. 8 0 E- 0 6 1 0 3. 4 8
1 2 6. 2 1. 0 E- 0 7
1 2 8. 8 8. 3 E- 0 7
1 2 9. 8 4. 0 E- 0 8
1 3 0. 4 7. 9 E- 0 8
1 3 6. 1 5. 9 0 E- 0 6
3 9 3. 5- 4 0 0 m 3 9 7. 2 6. 0 0 E- 0 6 6. 0 0 E- 0 6 1 0 3. 6 0
4 2 1. 5- 4 2 8 m 4 2 3. 6 1. 1 E- 0 7 1. 1 0 E- 0 7 1 0 0. 0 7
2 8. 9- 3 4. 8 m 1. 7 9 E- 0 5
3. 9 3 E- 0 5
1 2 2. 9- 1 4 0. 6 m 6. 9 5 E- 0 6




1 0. 7 6
2 3. 5 6
4. 1 7
-v al u es  is pr es e nt e d i n s e cti o n 2. 2. 1. 
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7. 3  I nt e r p r et ati o n  
7. 3. 1  H y d r a uli c h e a d   
T h e m e as ur e d h y dr a uli c h e a d fr o m G W M S  d at a is r el at e d t o t h e s ali nit y ( d e nsit y) 
c o n diti o ns of t h e gr o u n d w at er i n t h e b e dr o c k. T h e h y dr a uli c h e a d ( h) i n fr es h w at er 
( c o nst a nt d e nsit y) c o n diti o ns is t h e s um of t w o diff er e nt c o m p o n e nts: t h e el e v ati o n of t h e 
p oi nt of m e as ur e m e nt ( or el e v ati o n h e a d) z a n d pr ess ur e h e a d h p  (A h o k as et al. 2 0 0 8) : 
ℎ = 𝑑 +  ℎ 𝑑       ( 8) 
Pr ess ur e h e a d h p  is t h e s a m e as t h e h ei g ht of t h e w at er c ol u m n i n a h os e a n d c a n b e 
e x pr ess e d as : 
ℎ 𝑠 =  
𝑠
𝑑 𝑑
      ( 9) 
w h er e  
  h p is t h e pr ess ur e h e a d 
  p is t h e pr ess ur e w at er c ol u m n  
  ρ is t h e d e nsit y of t h e w at er  
  g is t h e a c c el er ati o n of gr a vit y  
B as e d o n t hi s e q u ati o n , it c a n b e s ai d t h at pr ess ur e h e a d hp is hi g hl y d e p e n d ent  o n t h e 
d e nsit y of w at e r ( A h o k as et al. 2 0 0 8). Us u all y, t h e d e nsit y of w at er v ari es as  a r es ult of 
t h e s ali nit y diff er e n c es a n d t e m p er at ur e of t h e w at er , as m e nt i o n e d b ef or e.  
I n t h e P osi v a's m e as ur e m e nts ( G W M S  d at a) , t h e eff e ct of w at er d e nsit y o n t h e  h y dr a uli c 
h e a d v al u e is e x cl u d e d b y fr es h w at er filli n g t h e  m e as ur e m e nt h os e  ( P e ntti & V aitti n e n 
2 0 1 8) . I n t hi s c as e, t h e pr ess ur e s e ns or m e as ures t h e  v erti c al l e n gt h of t h e w at er a b o v e 
t h e s e ns or. W h e n t h e d e pt h of t h e pr ess ur e s e ns or i n t h e m e as ur e m e nt h os e a n d it s' r el ati o n 
t o se a l e v el ar e k n o w n , t h e h y dr a uli c h e a d i n m. a.s.l ( m et ers a b o v e s e a l e v el) c a n b e 
c al c ul at e d .  
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T h e s u c c ess of fr es h w at er filli n g is criti c al f or t h e af or e m e nti o n e d r e a s o n s. If  f or s o m e 
r e as o n t h e fr es h w at er filli n g is u ns u c c essf ul, t h e m e as ur e d h y dr a uli c  h e a d v al u e will b e  
i n c orr e ct.  
7. 3. 2  H y d r a uli c h e a d  b as e d o n P F L m e as u r e m e nts  
T h e s o ur c e i nf or m ati o n f or c al c ul ati n g t h e h y dr a uli c h e a d  b as e d o n P F L m e as ur e m e nts  is 
pr es e nt e d o n S e cti o n  7. 2. 1. A c c or di n g t o P e k k a n e n & K o m ul ai n e n 2 0 x x  (in pr e p. ), t h e 
h y dr a uli c h e a d ( h pfl ) at a c ert ai n el e v ati o n z is c al c ul at e d as f oll o ws: 
ℎ 𝑑 𝑑𝑠 =
𝑠 a b s − 𝑑 b
𝑑 ∙𝑠
+ 𝐴 ,     ( 1 0) 
w h er e  
  h pfl  is t h e h y dr a uli c h e a d ( m asl) 
  p a b s  is t h e a bs ol ut e pr ess ur e ( P a), 
  p b  is t h e b ar o m etri c ( at m os p h eri c) pr ess ur e ( P a), 
  ρ is t h e d e nsit y of w at er 1 ,0 0 0 k g/ m 3,  
  g is st a n d ar d gr a vit y 9. 8 0 6 6 5 m/ s 2, a n d  
  z is t h e el e v ati o n at t h e m e as ur e m e nt l o c ati o n ( m asl).  
F or t h e c al c ul ati o n of t h e h y dr a uli c h e a d , it is i m p ort a nt t h at t h e z-c o or di n at e is e x a ct. A n 
err or i n t h is l e a ds t o a n e q u al err or i n t h e c alc ul at e d h e a d  ( P e k k a n e n & K o m ul ai n e n 2 0 xx 
–  i n pr e p. ). As c a n b e s e e n fr o m t h e e q u ati o n , t h e d e nsit y of t h e w at er als o i nfl u e n c es t h e  
h y dr a uli c h e a d.  
B asi c all y , t h e diff er e n c e bet w e e n e q u ati o ns 9  a n d 1 0  is c a us e d b y  t h e f u n cti o n of t h e 
pr ess ur e s e ns ors. T h e  P F L  pr ess ur e s e ns or m e as ur es  a s u m of  at m os p h eri c pr ess ur e ( p b ) 
a n d a bs ol ut e pr ess ur e ( p a b s ). F or t hi s r e as o n, at m os p h eri c pr ess ur e s h o ul d b e s u btr a ct e d  
fr o m m e as ur e d a bs ol ut e pr ess ur e in t h e e q u ati o n. C al c ul at e d h y dr a uli c h e a ds  d uri n g t h e 
p u m pi n gs  ar e pr es e nt e d in A p p e n di x 3  a n d , at  O L -K R 4 2 , P F L D O P P m e as ur e m e nt  is 
pr es e nt e d in A p p e n di x 2 . 
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7. 3. 3  H y d r a uli c r es p o n s es  
T h er e ar e a t ot al of t hr e e diff er e nt ki n d s  of s ol uti o n s t o c al c ul at e t h e h y dr a uli c r es p o ns e 
of p u m pi n g. T h e s ol uti o n s ar e pr es e nt e d b y P e ntti & V ait ti n e n ( 2 0 1 8). I n t hi s t h esis t h es e 
h y dr a uli c r es p o ns e is c al c ul at e d fr o m c orr e ct e d G W M S -d at a. T h e first is t o d et er mi n e t h e 
h y dr a uli c h e a d at t h e b e gi n ni n g a n d e n d of t h e p u m pi n g. W h e n t h e h y dr a uli c h e a d at t h e 
e n d of p u m pi n g is s u btr a ct e d fr o m t h e h y dr a ul i c h e a d at t h e b e gi n ni n g, t h e m a g nit u d e of 
t h e h y dr a uli c r es p o ns e ca n  b e d et er mi n e d.  
T h e s e c o n d is t o d et er mi n e t h e mi ni m u m h e a d d uri n g p u m pi n g a n d t o s u btr a ct it fr o m t h e 
h e a d at t h e b e gi n ni n g. T his w a y , it is p ossi bl e t o d et er mi n e t h e m a g nit u d e of t h e hy dr a uli c 
r es p o ns e. T h e t hir d w a y is t o fi n d t h e m a xi m u m h y dr a uli c h e a d d uri n g p u m pi n g a n d t o 
c al c ul at e t h e diff er e n c e b et w e e n t h e m a xi m u m h y dr a uli c h e a d a n d t h e h e a d at t h e 
b e gi n ni n g of t h e p u m pi n g  (P e ntti & V aitti n e n 2 0 1 8) . I n t hi s T h esis t h e s e c o n d s ol utio n is 
utili s e d.  
T h e h y dr a uli c r es p o ns es d uri n g a n i nt erf er e n c e t est w er e r el ati v el y s m all.  F or t hi s r e as o n 
s o m e cl assifi c ati o n w as n e c ess ar y f or vis u alis ati o n of t h e h y dr a uli c r es p o ns es.  T h e 
r es p o ns es ar e cl assifi e d i n t hi s T h esis as w e a k ( < 2 0 c m), m e di u m ( 2 0– 4 0 c m) a n d str o n g 
( > 4 0 c m). T his cl assifi c ati o n is b as e d o n pr ess ur e r es p o ns es d et e ct e d  i n O L-K R 1 9  d uri n g  
O L -K R 6  l o n g-t er m p u m pi n g t est.  
Pr ess ur e r es p o ns es fr o m fi el d a cti viti es i n O L -K R 1 9 ar e  pr es e nt e d  i n t a bl e 4-5 0  b y P e ntti 
& V aitti n e n ( 2 0 1 8) . F or t his t h esis s o m e e v al ua ti o n w as d o n e. It w as d et e ct e d t h at 2 0 c m 
a n d 4 0 – 5 0 c m ar e s ort of "li mits ". D uri n g br e a ks of O L -K R 6 l o n g -t er m p u m pi n g t est i n 
2 0 1 5 -2 0 1 6 gr e at a m o u nt of h y dr a uli c r es p o ns es ≤  2 0 c m s o it w as d efi n e d as "l o w er 
li mit ". T h e u p p er li mi t w as d efi n e d as 4 0 c m b e c a us e t h er e w er e l ess h y dr a uli c r es p o ns es 
>  4 0 c m a n d o n t h e ot h er h a n d t h e m aj or p art of t h e d et e ct e d a n d e v al u at e d r es p o ns es 
w er e b et w e e n 2 0 – 4 0 c m . Pr es e nt e d w e a k h y dr a uli c r es p o ns es ar e i n cl u d e d i n t hi s t h esis 
o nl y if t h e ti m es b et w e e n t h e O L -K R 6 a n d dr a w d o w ns m at c h t o e a c h ot h er.   
It s h o ul d b e r e m e m b er e d t h at t h er e ar e s o m e u n c ert ai niti es r el at e d t o h y dr a uli c r es p o ns es. 
A c c or di n g t o P e ntti & V aitti n e n ( 2 0 1 8) t h e u n c ert ai niti es ar e: l o c ati o n of p a c k e d -off 
s e cti o ns, tr a ns mi ssi vit y v ari ati o n, eff e cts of s ali n e gr o u n d w at er, n e ar s urf a c e fr a ct uri n g 
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a n d o p e n drill h ol es a n d l o n g m o nit ori n g s e cti o ns. T h es e u n c ert ai niti es ar e dis c uss e d 
f urt h er i n P e ntti & V aitti n e n ( 2 0 1 8).  
7. 4  Fi el d w o r k  
T h e fi el d w or k d uri n g t h e i nst all ati o n of  t h e e q ui p m e nt f or t h e i nt erf er e n c e t est w as 
i m p ort a nt i n or d er t o e n s ur e  r eli a bl e r es ult s. P art of t hi s t h esis w as t o  b e  i n v ol v e d in 
a cti viti e s i n t h e fi el d d uri n g t h e i nst all ati o n of t h e O L -K R 6  e q ui p m e nt  a n d  O L -K R 4 2  P F L 
D O P P e q ui p m e nt . All t h e i nst all ati o ns t o o k a p pr o xi m at el y 1 6 0 h o urs of w or k.  
T h e c h e mi c al pr o p erti es ( p H -, E C-v al u es) w er e als o m e as ur e d  d uri n g t h e p u m pi n g  b y 
m e a ns of p H a n d E C g a u g e  ( e x c e pt t h e first p u m pi n g). T h e m e as ur e m e nt w as d o n e b y 
t a ki n g t h e p u m p e d w at er t o m e as ur e gl ass. Aft er t h at t h e E C-s e ns o r fr o m p H/ E C g a u g e 
w as ri ns e d wit h r efi n e d w at er ( M Q -w at er). Aft er t h at t h e E C of t h e w at er i s m e as ur e d b y 
i nst alli n g t h e E C s e ns or t o w at er. Aft er t h at t h e pr o c e d ur e is r e p e at e d wit h p H s e ns or. 
T h e fi el d w or k w as  a c o nti n u o us l e ar ni n g  pr o c ess  b e c a us e t h e us e d e q ui p m e nt w as u ni q u e 
a n d pl a n n e d es p e ci all y f or t hi s t est. F or t hi s r e as o n, t h er e w er e d o u bts r el at e d t o t h e 
e q ui p m e nt b ef or e st arti n g t h e i nt erf er e n c e t est , m ostl y c o n c er ni n g t h e p u m p  c o nt ai n er a n d 
cir c ul ati o n s yst e m. D uri n g t h e fi el d w or k , t hi n gs w e r e i m pr o v e d s u c h as t h e  ori e nt ati o n 
of t h e pr ess ur e pr o b e a n d t h e P F L c a bl e d uri n g t h e l a yi n g of t h e p u m p c o nt ai n er. T h is 
w as i m p ort a nt b e c a us e , if t h e pr ess ur e pr o b e a n d P F L c a bl e w o ul d h a v e g ot wr a p p e d  
ar o u n d t h e p u m p  c o nt ai n er , it h a d  c a us e d  t h e e q ui p m ent t o g et st u c k i n t h e drill h ol e. 
T h e fi el d w or k c o m p ris e d a m aj or p art of t h e w or k r el at e d t o t hi s t h esis  d u e t o t h e 
e q ui p m e nt s p e cifi c ati o ns ( S e cti o n  7. 1 . 1). W h e n t h e l e n gt h of t h e t est s e cti o n w as c h a n g e d, 
t h e w h ol e e q ui p m e nt h a d t o b e  lift e d u p fr o m O L-K R 6 . I n t hi s c as e t h e l e n gt h of t h e t est 
s e cti o n w as c h a n g e d.  W h e n t h e l e n gt h of t h e t e st s e cti o n w as t h e s a m e b et w e e n  t h e 
p u m pi n gs, o nl y t h e p u m p c o nt ai n er w as lift e d u p. I n t hi s c as e als o t h e w h ol e e q ui p m e nt 
w as lift e d u p  f or c ert ai n dist a n c e al o n g drill h ol e a n d e q u al l e n gt h  (i. e. dist a n c e b et w e e n 
t h e t est s e cti o ns; l e n gt h al o n g  th e  drill h ol e) w as  r e m o v e d fr o m b ot h t h e pr es s ur e h os e a n d 
t h e 2 0 m m h os e b et w e e n t h e  u p p er  p a c k er a n d  t h e p u m p c o nt ai n er.  Aft er t h at t h e p u m p 
c o nt ai n er w as c o n n e ct e d t o 2 0 m m h o s e a n d w as i nst all e d t o n e xt d e pt h.  
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Fi g ur e 1 4 . I nst all ati o n of t h e p a c k ers i n t h e drill h ol e d uri n g t h e fi el d w or k.  T h e fi g ur e s h o ws  t h e 
l o w er p art of t h e u p p er p a c k er, pr ess ur e pr o b e ( bl u e pr o b e), fl o w -th r o u g h pr o b e ( w hit e) a n d 
st ai nl es s-st e el  r o d. 
D uri n g t h e i nst all ati o ns , t w o ty p e of tri p o ds w er e us e d ( bi g g er a n d s m all er) i n or d er t o 
f a cilit at e t h e i nst all ati o n pr o c e d ur e. D uri n g t h e O L-K R 4 2 P F L D O P P i nst all ati o ns , t h e 
P F L d u m m y e q ui p m e nt  ( Fi g ur e 1 5) w as als o u s e d t o " cl e a n " t h e drill h ol e of  r o c ks a n d 

















Fi g ur e 1 5 . P F L D u m m y i nst all ati o ns o n O L-K R 4 2 i n A u g ust 2 0 1 9. I n t h e u p p er p art i s t h e br us h 
w hi c h is s u p p os e d t o r e m o v e t h e drill h ol e d e bri s et c. f r o m t h e drill h ol e. F all e n off d e bri s i s 
c oll e ct e d t o s m all c o nt ai n er a n d is d o c u m e nt e d s e p ar at el y i n e a c h D u m m y r u n.  
7. 5  R es ults  
T h e r es ult s of e a c h p u m pi n g d uri n g t h e i nt erf er e n c e t est ar e pr es e nt e d in A p p e n di x 3.  
O bs er v e d h y dr a uli c r es p o ns es d uri n g t h e p u m pi n gs ar e pr es e nt e d o n fig ur e 2 8 . T h e 
pri n ci pl e f or c al c ul ati o n of diff er e nt h y dr a uli c r es p o ns es ar e pr es e nt e d o n s e cti o n 7. 3 . 3. 
All of t h e pr es e nt e d  h y dr a uli c h e a d d at a fr o m G W M S is c orr e ct e d b y s u btr a cti n g n at ur al 
eff e cts  as pr es e nt e d o n s e cti o n 5. 1. 5.  
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P u m pi n g / m e a s ur e
m e nt s e cti o n  
D et e ct e d r es p o n s e 
( drill h ol e & s e cti o n) 
H e a d at t h e st art 
of t h e e v e nt 
( m. a. s.l) 
Mi ni m u n h e a d 
d uri n g t h e e v e nt 
( m. a. s.l) 
C al c ul at e d 
h y dr a uli c 
r e s p o n s e 
M o d ell e d 
Z o n e  
( V aitti n e n 
et al. 
2 0 X X - i n 
pr e p.)  
O L -K R 6 ( 4 8 - 6 1 m 
( 1. p u m pi n g)) 
O L -K R 1 9 L 3  2. 8 9  2. 1 8  0 . 7 1  
O L -K R 1 9 L 4  2. 6 3  1. 8 6  0. 7 7  
O L -K R 1 9 L 5  2. 6 3  2. 0 2  0. 6 1  
O L -K R 1 9 L 6  3. 5 1  2. 9 0  0. 6 1  
O L -K R 1 9 L 7  4. 1 4  3. 9 3  0. 2 1  
O L -K R 1 9 L 8  4. 1 7  3. 9 3  0. 2 4  
O L -K R 2 L 5  3. 6 5  3. 4 6  0. 1 9  
O L -K R 1 3 L 4  4. 3 9  4. 1 7  0. 2 2  
O L -K R 6 ( 1 2 2. 9 - 
1 4 0. 6 m ( 4. 
p u m pi n g))  
O L -K R 1 9 L 3  3. 0 0  2. 8 4  0. 1 6  H Z 0 0 1 
( a n d ol d 
H Z 0 9 9 ) 
O L -K R 1 9 L 4  2. 7 5  2. 5 6  0. 1 9  
O L -K R 1 9 L 5  2. 8 1  2. 7 0  0. 1 1  
O L -K R 6 ( 9 6. 5 - 
1 0 2. 4 m ( 5. 
p u m pi n g))  
O L -K R 1 9 L 3  3. 1 0  2. 7 8  0. 3 2   
O L -K R 1 9 L 4  2. 7 2  2. 4 3  0. 2 9  
O L -K R 1 9 L 5  2. 8 0  2. 5 5  0. 2 5  
O L -K R 1 9 L 6  3. 6 3  3. 3 8  0. 2 5  
O L -K R 6 ( 2 8. 9 - 3 4. 8 
m ( 6. p u m pi n g))  
O L -K R 1 9 L 3  2. 9 0  2. 3 6  0. 5 4  H Z L 4  
O L -K R 1 9 L 4  2. 6 7  2. 0 7  0. 6 0  
O L -K R 1 9 L 5  2. 7 5  2. 2 6  0. 4 9  
O L -K R 1 9 L 6  3. 6 0  3. 2 2  0. 3 8  
O L -K R 1 9 L 7  4. 5 2  4. 4 2  0. 1 0  
O L -K R 1 9 L 8  4. 5 5  4. 4 2  0. 1 3  
O L -K R 2 L 5  4. 0 2  3. 7 8  0. 2 4  
O L -K R 1 3 L 4  4. 6 6  4. 4 5  0. 2 1  
O L -K R 4 2 ( P F L 
D O P P 3 0 6. 5 - 
3 1 7. 4 m)  O L -K R 1 2 L 6  
5. 9 0  3. 4 5  2. 4 5  
H Z L 4  
Fi g ur e 1 6 . C al c ul at e d h y dr a uli c r es p o ns e s o bs er v e d d uri n g a n i nt erf er e n c e t est. R es ult s ar e 
b as e d o n c orr e ct e d d at a. H y dr a uli c r es p o ns e i s c al c ul at e d b y s u bt r a cti n g t h e mi ni m u m h e a d 
d uri n g t h e e v e nt f r o m t h e h e a d at t h e st art of t h e e v e nt. V al u e s ar e pr e s e nt e d as m et er s a b o v e s e a 
l e v el, m. a.s.l. L m e a ns t h e p a c k er s e cti o n of t h e drill h ol e; t h e l o w est i s L 1 a n d n u m b er is gr o wi n g 
t o w ar ds gr o u n d s urf a c e. 
7. 5. 1  T h e fi rst p u m pi n g  
T h e first p u mp i n g was d o n e fr o m t h e d e pt h of 4 8 – 6 1  m. T h er e w er e a t ot al of 1 5  h y dr a uli c  
fr a ct ur es b et w e e n t h e pa c k ers . T h e n u m b er  of fr a ct ur es w as b as e d o n P F L  d at a. T h e 
tr a ns mi ssi viti es of t h e fr a ct ur es v ari e d fr o m 8. 7 0 E-0 9 t o 1. 9 0 E -0 5.  T h er e w er e n o 
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m o d ell e d h y dr o g e ol o gi c al z o n e  i nt ers e cti o ns i n t hi s s e cti o n, b ut t h er e w er e hi g h 
tr a ns mi ssi viti es a n d it w as i nt er esti n g t o s e e if t h er e wer e  s o m e h y dr a uli c c o n n e cti o ns t o 
s urr o u n di n g drill h ol es.  
P u m pi n g w as  st art e d o n  9  A pril 2 0 1 9 at 8: 1 0  a. m.  T h e v ol u m e  of p u m pi n g w as  
a p pr o xi m at el y 3 0 L/ mi n, w hi c h c r e at e d 1 2 m dr a w d o w n t o t h e h y dr a uli c h e a d i n t h e t est 
s e cti o n. T h e c a l c ul at e d p u m pi n g r at e (E q u ati o n  6 ) f or 1 2 m dr a w d o w n is 2 8. 2 8 L/ mi n. 
T h e t h e or y f or t h e diff er e n c e b et w e e n t h e c al c ul at e d a n d r e al p u m pi n g r at e is gi v e n i n 
S e cti o n  7. 5 . 9. L e a k a g e of  t h e p a c k ers c a n als o a ff e ct t h e p u m pi n g r at e. 
T h e v ol u m e  of p u m pi n g w as  c o ntr oll e d d uri n g t h e t est. It w as 3 0 L/ mi n u ntil 1 2  A pril at 
9: 3 0  a. m , t h en  it w as r e d u c e d t o 2 0 L/ mi n. O n 1 5  A pril it w as r e d u c e d t o 1 1. 5 L/ mi n, a n d 
o n 1 6  A pril a t 8: 4 5  a. m. t o 4. 7 L/ mi n. O n 1 8  A pril  at 1: 3 0 p. m. it w as i n cr e as e d t o 1 3 
L/ mi n , a n d p u m pi n g  w as st o p p e d o n 2 4  A pril at 8: 3 0  a. m.  
H o w e v er , t h e fr es h w at er h e a d o n t h e drill h ol e st art e d t o d e cr e as e as t h e p u m pi n g 
c o nti n u e d. T his i n di c at es t h at t h er e w as  eit h er l e a k a g e t hr o u g t h e u p p er p a c k er or t h er e 
w as  a  h y dr a uli c c o n n e cti o n vi a b e dr o c k ar o u n d  t h e u p p er p a c k er. T h e w at er s m el t o d d  as 
if t h e p u m p e d w at er h a d s ul p hi d e i n it. T his als o i n di c at es l e a k a g e fr o m t h e l o w er pa c k er  
(li k e u p p er p a c k er ), b e c a us e t h e s ul p hi d e -t y p e w at er o c c ur s at gr e at er d e pt hs  t h a n 6 1 m  
( 1 0 0– 3 0 0  m, as s ai d i n S e cti o n  3. 4 .). 
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T h e r es p o ns es c o ul d b e d et e ct e d fr o m  t h e G W M S  d at a of  O L -K R 1 9 (t h e cl os est drill h ol e) 
a n d of  O L -E P 4 ( m ulti -l e v el pi e z o m et er 1 0 0  m etr e s fr o m O L-K R 6). P u m pi n g at  O L -K R 6 
c a us e d dr a w d o w n i n  O L -K R 1 9 i n t h e t est s e cti o ns L 3 – L 8  (F i g ur es 1 6 & 1 7). T h es e t est 
s e cti o ns ar e b et w e e n t h e d e pt hs of 3 2 8  m  a n d 4 0  m.  
Fi g ur e 1 6 . Vis u ali s ati o n of t h e h y dr a uli c r e s p o ns es d uri n g t h e fi rst p u m pi n g. T h e o bs e r v e d 
r e s p o ns e s w er e in O L -K R 1 9 s e cti o ns L 3 -L 8 a n d O L -E P 4. P ossi bl e r e s p o ns es w er e o bs e r v e d at  
O L -K R 2 s e cti o ns L 2, L 4 – L 6 a n d at  O L -K R 1 3 s e cti o n L 4.  T h e fi g ur e i s n ot  t o s c al e.  T h e 
h y dr o g e ol o gi c al z o n es ar e s a m e as i n Fi g ur e 3.  Gr e e n li n e is str o n g ( > 4 0 c m) a n d y ell o w li n e is 
m e di u m ( 2 0 – 4 0 c m) h y dr a uli c r es p o ns e.  
B e c a us e of p ossi bl e l e a k a g e p ast t h e p a c k ers , t h er e ar e s o m e u n c ert ai nti es  r el at e d t o t h es e 
h y dr a uli c r es p o ns es. Sli g ht  ( p ossi bl e) r es p o ns es w er e als o d et e ct e d i n O L -K R 2 s e cti o n  
L 5  a n d O L -K R 1 3 s e cti o n L 4.  
A fi n di n g fr o m t hi s p u m pi n g w as t h at h y dr a uli c r es p o ns es c o ul d b e v er y f ast b et w e e n 
diff er e nt o bs er v ati o n p oi nt s. T h e h y dr a uli c h e a d i n t h e O L -K R 1 9  m ulti -p a c k er s e cti o n s  
st art e d t o d e cr e as e a p pr o xi m at el y 3 h o urs aft er  t h e p u m pi n g st art e d at  O L -K R 6.  T h e 
r es p o ns e w as  f ast est i n O L -K R 1 9 s e cti o ns L 6 – L 8. T his mi g ht i n di c at e t h at t h er e is a 
str ai g ht h y dr a u li c c o n n e cti o n fr o m O L-K R 6 ( 4 8 – 6 1 m) t o O L -K R 1 9  s e cti o n s  L 6 – L 8 , b ut 
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t hi s c a n n ot b e c o nfir m e d b e c a us e of ( p ossi bl e) l e a k a g e fr o m t h e p a c k ers at  O L -K R 6. At  
O L -K R 1 9 L 6 , t h e h y dr a uli c h e a d mi g ht b e r es p o n d i n g t o c h a n g es i n p u m pi n g r at e at  O L -
K R 6 , w hi c h ar e n ot o bs er v e d  as cl e ar a n d as f ast  in ot h er p a c k er s e cti o ns  (Fi g ur e 1 7 .).  
Fi g ur e 1 7 . G W M S-d at a  ( c or r e ct e d h e a d) c h art s f r o m t h e O L -K R 1 9. H y dr a uli c r e s p o ns es in 
s e cti o ns L 3 – L 8 ar e o b vi o usl y s e e n. Al s o in s e cti o n L 6 c a n b e s e e n t h e r e s p o ns e t o p u m pi n g r at e 
c h a n g es in O L -K R 6.  Littl e i n di c ati o ns li k e in s e cti o n L 6 c a n al s o b e s e e n in s e cti o ns L 7 a n d L 8.  
T h e  af or e m e nti o n e d  dir e ct h y dr a uli c c o n n e cti o n is t h er ef or e hi g hl y u n c ert ai n , but t h er e 
ar e still h y dr a uli c c o n n e cti o ns fr o m O L -K R 6 4 8 – 6 1 m t o O L -K R 2 L 5 , O L-K R 1 3 L 4 a n d 
O L -K R 1 9 L 3 – L 8. T h es e  o bs er v ati o ns , h o w e v er , ar e  als o  u n c ert ai n d u e t o p ossi bl e 
l e a k a g e fr o m p a c k ers i n O L -K R 6  as m e nti o n e d b ef or e . G W M S d at a fr o m  O L -K R 2 a n d 
O L -K R 1 3 is pr es e nt e d o n A p p e n di x 4.  
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7. 5. 2  T h e s e c o n d p u m pi n g  
T h e s e c o n d p u m pi n g w a s d o n e fr o m d e pt h of 4 2 1. 8 – 4 2 8  m. T h er e w as  o nl y 1  h y dr a uli c  
fr a ct ur e b et w e e n t h e p a c k ers . Th e t r a ns mi ssi vit y of t h e fr a ct ur e w as 1. 1 E-0 7  a n d it s  d e pt h 
w as 4 2 3. 6  m a c c or di n g t o t h e P F L  m e as ur e m e nt.  T h e a ss u m e d p u m pi n g r at e f or 1 0  m 
dr a w d o w n w as 0. 0 7 L/ mi n. T his s e cti o n w as c h os e n  b as e d o n t h e hi g h est tr a ns mi ssi vit y , 
n e ar t h e  m o d ell e d H Z 2 1 i nt ers e cti o n  i n O L -K R 6. A n o t h er r e as o n w as t e c h ni c al: t h er e 
w as  n ot e n o u g h 2 0 m m h os e ( b et w e e n t h e p u m p c o nt ai n er a n d u p p er p a c k e r, s e e S e cti o n  
7. 1 . 1) f or t h e e q ui p m e nt t o b e pl a c e d a n y l o wer.  
T h e p a c k ers  w er e fill e d o n 7  M a y 2 0 1 9 at 1 2: 5 2  p. m . P u m pi n g w as st art e d o n 8  M a y at 
7: 5 5  a. m.  T h e p u m pi n g r at e at  th e b e gi n ni n g of t h e t est w as  2 L / mi n o n 8  M a y at 8: 2 0  
a. m . Aft er t he d esir e d  dr a w d o w n w as r e a c h e d , t h e p u m pi n g r at e w as st a bilis e d at  
a p pr o xi m at el y 0. 3 5 L/ mi n. I n t hi s c as e t h e r e al p u m pi n g r at e d uri n g t h e p u m pi n g t est w as 
a p pr o xi m at el y fi v e ti m es gr e at er t h a n t h e c al c ul at e d p u m pi n g r at e b ef or e t h e t est  ( 0. 0 7 
L/ mi n, Fi g ur e 1 3 .). T h e dr a w d o w n w as a p pr o xi m at el y 1 7 m, w hi c h w as 1. 7 ti m es gr e at er 
t h a n t h e ass u m e d dr a w d o w n. T h e c al c ul at e d p u m pi n g r at e  f or 1 7 m dr a w d o w n is 0. 1 1 
L/ mi n.  T h e t h e or y f or t h e diff er e n c e b et w e e n t h e c al c ul at e d a n d r e al p u m pi n g r at e i s 
pr es e nt e d o n S e ct i o n 7. 5 . 9. 
D uri n g t h e p u m pi n g a h y dr a uli c h e a d i n t h e t e st s e cti o n  ( b et w e e n t h e p a c k ers) ros e 
a p pr o xi m at el y 1 m , pr o b a bl y du e t o  t h e m or e s ali n e w at er fl o wi n g fr o m t h e fr a ct ur e t o 
t h e m e as ur e m e nt s e cti o n (S e cti o n  7. 3 . 2, E q u ati o n  1 0 ). S ali n e w at er fr o m t h e fr a ct ur e h as 
hi g h er d e nsit y t h a n drill h ol e w at er.  
T h e e l e ctri c al c o n d u cti vit y m e as ur e d fr o m t h e p u m p e d w at er d e cr e as e d d uri n g t h e t est 
fr o m 1 7. 7 m S/ c m t o 1 6. 8 9  m S/ c m , w hi c h i n di c at es t h at t h er e w as  s o m e fr es h w at er 
i ntr u di n g i nt o t h e p u m p s yst e m. T his c o ul d b e t h e r es ult of s o m e mi n or l e a k a g e i n t h e 
p u m p c o nt ai n er  or m or e dil ut e d w at er fl o wi n g t o t h e p a c k er s e cti o n t hr o u g h t h e u p p er  
p a c k er . T h e gr e at er p u m pi n g r at e c o m p ar e d t o t h e c al c ul at e d p u m pi n g r at e als o i n di c ate s  
mi n or l e a k a g e.  
L e a k a g e w as , h o w e v er, s o s m all t h at it di d  n o t aff e ct t h e s u c c ess  of t hi s p u m pi n g t est 
b e c a us e t h e drill h ol e w at er h e a d di d n ot  d e cr e as e  at all  a n d t h e d esir e d dr a w d o w n i n t h e 
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m e as ur e m e nt s e cti o n w a s r e a c h e d . T h e s t a bilit y of t h e w at er t a bl e at  O L -K R 6 i n di c at es 
t h at t h er e was  n o l e a k a g e b y  t h e u p p er p a c k er. T h e p u m pi n g w as st o p p e d o n 2 1  M a y at 
1 2: 4 5  p. m . 
T h er e w as s o m e l e a k a g e  t o t h e p u m p c o nt ai n er , w hi c h w as  pr o v e d b ef or e t h e n e xt 
p u m pi n g . W h e n t h e e q ui p m e nt was m o v e d  (S e cti o n 7. 4 ), w e n oti c e d t h at o n e O -ri n g 
(S e cti o n  7. 1 . 1) was  mi ssi n g fr o m t h e p u m p c o nt ai n er , w hi c h pr o b a bl y c a us e d t h e s m all 
l e a k a g e t o t h e p u m p c o nt ai n er.  Sit u ati o n w as r e p air e d b ef or e n e xt p u m pi n g b y i nst alli n g 
a n e w O -ri n g t o p u m p c o nt ai n er. 
T h er e w er e n o r es p o ns e s i n ot h er drill h ol es d uri n g t h e s e c o n d p u m pi n g . T h e l o w est 
p a c k er  s e cti o ns  o f t h e s urr o u n di n g  drill h ol es  w e r e als o dist ur b e d  b y t h e st art of O N K -
P H 3 0 drilli n g at  O N K A L O  o n 1 3  M a y 2 0 1 9.  M or e o v er, P F L D O P P m e as ur e m e nt at  O L -
K R 1 0 d uri n g fr o m 2 9  A pril t o 1 2  J u n e c o m pli c at e d  t h e i nt er pr et ati o n of h y dr a ulic  
r es p o ns es. It c a us e d s o m e dist ur b a n c es in s urr o u n di n g drill h ol es.  
7. 5. 3  T h e t hi r d p u m pi n g  
T h e t hir d p u m pi n g w as d o n e at d e pt h of 3 9 3. 5 – 4 0 0 m. T h er e w as  o nl y o n e  fr a ct ur e 
b et w e e n t h e p a c k ers. T h e t r a ns mi ssi vit y (T P F L ) t h e fr a ct ur e w as 6. 0 0 E-0 6  m 2 /s, a n d it s 
d e p t h w as 3 9 7. 2 m, a c c or di n g t o P F L  m e as ur e m e nt. T h e a ss u m e d p u m pi n g r at e f or 1 0  m 
dr a w d o w n w as 3. 6 0 L/ mi n.  T his s e cti o n w as c h os e n d u e t o t h e m o d ell e d H Z 2 1 B 
i nt ers e cti o n ( V aitti n e n et al. 2 0 X X i n pr e p. ). 
P u m pi n g st art e d o n 2 9  M a y 2 0 1 9 at 7: 1 9  a. m . T h e p u m pin g r at e w as  a p pr o xi m at el y  1. 8 
L/ mi n  w h e n p u m pi n g st art e d . D uri n g t he  t est, t h er e w er e m a n y  pr o bl e ms wit h p u m ps , 
w hi c h  h a d o v er h e at e d d uri n g t h e pr e vi o us p u m pi n gs  (F i g ur e 1 8 ) a n d als o t h e 2 0 m m h os e 
fr o m t h e p a c k ers t o t h e p u m p c o nt ai n er w as  "str a n gl e d " b e c a us e of t h e pr ess ur e diff er e n c e 
b et w e e n t h e drill h ol e a n d i n n er p art of t h e h os e.  T his w as  n oti c e d w h e n t h e e q ui p m e nt 
w as m o v e d f or t h e o v er pr ess ur e t est ( pri n ci pl e of t h e o p er ati o n is pr es e nt e d o n (s e cti o n 
7. 1 . 2).  
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Fi g ur e 1 8 . O v er h e at e d p u m p o n t h e t hird p u m pi n g. T h e n or m al c ol o ur of t h e M P  p u m p i s m et alli c 
gr e y as i n t h e l o w er p art s of t h e p u m p. T h e bl a c k c o nt a mi n ati o n o n t h e pi ct ur e is a mi x of i r o n 
s ul p hi d e  a n d s o ot.  T h e fi g ur e al s o s h o ws t h e pr e ss ur e pr o b e a b o v e t h e M P p u m p , w hi c h m e as ur es 
t h e h y dr a uli c h e a d i nsi d e t h e p u m p c o nt ai n er. 
T h e af or e m e nti o n e d  f a ct ors m ost li k el y c a us e d t h e pr o bl e ms f or p u m ps in t hi s t est. D uri n g 
t h e t est t h er e w er e a t ot al of fi v e p u m p f ail ur es. T h er e w er e pr o b a bl y s o m e pr o bl e ms wit h 
t h e M P  p u m p s e al a n d , if t h e w at er t a bl e a b o v e t h e p u m p is hi g h e n o u g h, it c a n  c a us e 
l e a k a g e t h at m a y d a m a g e t h e el e ctr o ni cs of t h e p u m p .  
D es pit e t h e pr o bl e ms , dr a w d o w n of a p pr o xi m at el y 6  m etr e s was  cr e at e d i n t h e t est 
s e cti o n . T h e c al c ul at e d p u m pi n g r at e f or 6 m dr a w d o w n is 2. 1 6 L/ mi n . T h e r e a l p u m pi n g 
r at e b et w e e n 3  a n d 1 0  J u n e w as  1. 1  L/ mi n . T h e r e as o n for t h e diff er e n c e b et w e e n t h e 
c al c ul at e d a n d r e al p u m pi n g r at e is pr es e nt e d in S e cti o n  7. 5 . 9. 
B e c a us e of t h e pr o bl e ms  wit h t h e p u m ps , t h e t est w as als o  c arri e d o ut b y usi n g  
o v er pr ess ur e  as h y d r a uli c i nt erf er e n c e (F i g ur es 1 2 & 1 9). A n e w e q ui p m e nt  ( 7.1 . 2) w as 
b uilt f or t hi s p ur p os e , a n d o v er pr ess ur isi n g of  t h e s a m e p a c k er s e cti o n  st art e d  o n 1 3  J u n e 
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2 0 1 9. O v er pr ess uri si n g  w as d o n e wit h  m ar k e d  fr es h w at er ( m ar k e d wit h s o di u m  
fl u or es c ei n, c o n c e ntr ati o n 2 5 0 µ g/ L) b et w e e n 1 3  a n d 2 0 J u n e . A p pr o xi m at el y 2 0 m 3  of 
m ar k e d w at er w as  p u m p e d i nt o t h e p a c k er s e cti o n.  
  
Fi g ur e 1 9 . T h e o v er pr es s ur e s yst e m at  O L -K R 6 d uri n g 1 3 – 2 0  J u n e . T h e or a n g e t a n k i s f ull of 
m ar k e d w at er t h at w as p u m p e d i nt o O L-K R 6.  
A n a p pr o x i m at e 7 -m et er i n cr e as e i n t h e h y dr a uli c h e a d of t h e t est s e cti o n c o m p ar e d t o 
t h e n at ur al st at e w as cr e at e d d uri n g t h e o v er pr ess uri si n g. T h e p u m pi n g r at e w a s  
a p pr o xi m at el y 1. 7 5 L/ mi n. T h e c al c ul at e d p u m pi n g r at e f or 0. 7 b ar ( 7 m etr e s of w at er 
t a bl e) o v er pr e ss ur e is 2. 5 2 L/ mi n. T h e t h e or y f or t h e diff er e n c e b et w e e n t h e c al c ul at e d 
a n d r e al p u m pi n g r at e is pr es e nt e d in S e cti o n  7. 5. 9.  T h e diff er e n c e of t h e h y dr a uli c  h e a d 
of t h e  t est s e cti o n b et w e e n t h e l o w est a n d t h e hi g h est v al u es d uri n g t h e t est w as  
a p pr o xi m at el y 1 3  m etr e s ( 1. 3 b ar). 
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T h er e w er e n o r es p o ns e s i n ot h er drill h ol es d uri n g t h e t hir d p u m pi n g . T h e t est w as 
c o n d u ct e d fr o m 2 9  M a y t o 2 0  J u n e, b ut , b e c a us e of t h e pr o bl e ms  wit h  t h e p u m ps, t h er e 
w er e  c o nst a nt p u m pi n g  br e a ks  u ntil 3  J u n e. D uri n g  3 – 1 0  J u n e, t he p u m p w or k e d 
c o nti n u o usl y . Aft er t h e l ast br e a k d o w n o n 1 0  J u n e, it w as d e ci d e d t o b uil d t h e 
o v er pr ess ur e e q ui p m e nt (b et w e e n 1 0  a n d 1 3 J u n e ).  
T h e dist ur b a n c e cr e at e d b y p u m pi n g a n d o v er pr ess uri si n g  m a y b e s h o ul d  h a v e b e e n l o n g er 
i n or d er t o o bt ai n s o m e h y d r a uli c r es p o ns es. W h e n cr e ati n g t h e o p p osit e dist ur b a n c e f or 
t h e gr o u n d w at er s yst e m ( dr a w d o w n v ers us o v er pr ess ur e), l o n g er t esti n g ti m es ar e 
r e c o m m e n d e d t o b e us e d b e c a us e  of  t h e o p p osit e dist ur b a n c es i nt er a cti n g i n s u c h a w a y 
t h at t h eir eff e cts c a n b e  di m i ni s h e d. H o w e v er , t h e tr a ns mi ssi vit y of t h e fr a ct ur e was  
r el ati v el y hi g h c o m p ar e d, f or e x a m pl e, t o t h e s e c o n d p u m pi n g, whi c h s h o ul d f a cilit at e 
t h e o bs er v ati o n of h y dr a uli c r es p o ns es.  
N e v ert h el ess , t h e p u mpi n g r at e w as  a p pr o xi m at el y 1. 1  L/ mi n d uri n g p u m pi n g . T his 
p u m pi n g r at e  is l o w a n d t h e p a c k er s e cti o ns at t h e  s urr o u n di n g drill h ol es ar e r el ati v el y 
l ar g e (fr o m m etr e s t o t e n s of  m etr e s). F or t hi s r e a s o n , it is p ossi bl e t h at e v e n if t h er e ar e 
s o m e  mi n or  h y dr a uli c c o n n e cti o ns b et w e e n O L -K R 6 3 9 3. 5 – 4 0 0 m a n d s urr o u n di n g 
drill h ol es, t h e r es p o ns es ar e  still n o t s h o w n b e c a us e of t h e s m all v ol u m e  of fl o wi n g 
gr o u n d w at er, d es pit e t h e cr e ati o n of dist ur b a n c e i n t h e t est s e cti o n at  O L -K R 6. P e ntti & 
V aitti n e n ( 2 0 1 8) dis c uss e d t h at if t h e yi el d is o nl y s o m e litr es c o m bi n e d  t o l o w h y dr a uli c 
tr a ns mi ssi vit y, p u m pi n gs i n s u c h drill h ol es/ drill h ol e s e cti o ns c a us e r e m ar k a bl e c h a n g es. 
I n t hi s c as e, h o w e v er, t h e c h a n g es i n h y dr a uli c gr a di e nt ar e l o c al a n d f or t his r e as o n t h e 
eff e cts at dist a n c e fr o m drill h ol e c o ul d b e o nl y mi n or ( P e ntti & V aitti n e n 2 0 1 8).  
7. 5. 4  T h e f o u rt h p u m pi n g  
T h e f o urt h p u m pi n g w as d o n e fr o m t h e d e pt h of 1 2 2. 9 – 1 4 0. 6 m. T h er e w er e  a  t ot al of 5 
fr a ct ur es b et w e e n t h e p a c k ers. T h e tr a ns mi ssi vit y of t h e fr a ct ur e s  v ari e d fr o m 4. 0 E -0. 8 t o 
5. 9 E -0 6. T h e d e pt h s of fr a ct ur es w e r e 1 2 5. 2 2 m, 1 2 8. 8 m, 1 2 9. 8 m, 1 3 0. 4 m a n d 1 3 5. 7 2 
m , a c c or di n g t o P F L  m e as ur e m e nt. T h e a ss u m e d p u m pi n g r at e f or 1 0  m dr a w d o w n w as 
4. 1 7  L/ mi n.  T his s e cti o n w as c h os e n d u e t o t h e m o d ell e d i nt ers e cti o n of H Z 0 0 1 ( V aitti n e n 
et al. 2 0 X X - i n pr e p. ), a n d i n t h e pr e vi o us m o d el ( V aitti n e n et al. 2 0 1 1) a n i nt ers e cti o n 
of t h e H Z 0 9 9 z o n e w as als o m o d ell e d  t o t h e s a m e s e cti o n. 
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T h e f o urt h p u m pi n g st art e d o n 1 0  J ul y 2 0 1 9 at 8: 3 5  a. m.  T h e p u m pi n g w as st art e d d uri n g 
t h e lo w eri n g  of  t h e p u m p i n t h e p u m p c o nt ai n er. T his w as d on e d u e t o pr o bl e ms d uri n g 
t h e t hir d p u m pi n g. It w a s ass u m e d t h at if  t h e p u m p i n g w a s st art e d  aft er t h e l o w eri n g of 
t h e p u m p  t o a d e pt h of 4 0  m etr e s a n d t h er e w e r e a p pr o xi m at el y 3 5 m etr e s of w at er a b o v e 
it, t h e w at er w o ul d  cr e at e a 3. 5 b ar pr ess ur e f or t h e p u m p a n d t h er e mi g ht b e s o m e w at er 
l e a k a g es i nt o t h e p u m p’s el e ctr o ni c p arts  (S e cti o n  7. 5 . 3). W h e n t h e p u m pi n g w as st art e d 
d uri n g t h e l o w eri n g  of t h e p u m p , t h e w at er t a bl e a b o v e t h e p u m p was a m a xi m u m of 5  
m etr e s. T his, h o w e v er, c a us es t h at it is i m p ossi bl e  t o g et t h e k n o wl e d g e of w at ert a bl e 
i nsi d e t h e p u m p c o nt ai n er, b e c a us e t h e pr ess ur e pr o b e w as i nst all e d t o g et h er wit h t h e 
p u m p ( Fi g ur e 1 0).  
T h e p u m pi n g r at e d uri n g t h e t est w as  a p pr o xi m at el y 4 L/ mi n , w hi c h cr e at e d 1 1 m 
dr a w d o w n t o t h e t est s e cti o n. T h e c a l c ul at e d p u m pi n g r at e f or 1 0 m dr a w d o w n w as 4. 1 7 
L/ mi n  as m e nti o n e d b ef or e  a n d f or 1 1 m dr a w d o w n , 4. 5 9 L/ mi n. T h e t h e or y f or t h e 
diff er e n c e b et w e e n t h e c al c ul at e d a n d r e al p u m pi n g r at e is pr es e nt e d in S e cti o n  7. 5 . 9. 
D uri n g t h e p u m pi n g , th e e l e ctri c al c o n d ucti vit y of t h e p u m p e d w at er i n cr e as e d fr o m 2. 8 3 
m S/ c m t o 9. 8 m S/ c m. T h e w at er at  t h e b e gi n ni n g of t h e f o urt h p u m pi n g was  hi g hl y  dil ut e d 
b e c a us e of t h e o v er pr ess ur e t est i n t h e t hir d p u m pi n g (S e cti o n  7. 5 . 3.). It w as als o gr e e nis h 
( b e c a us e of t h e m ar k e d w at er) a p pr o xi m at el y o n e w e e k aft er t h e p u m pi n g w as st art e d. 
T h er e w as s a m pli n g o n 1 7  J ul y t o a n al y s e  t h e c o n c e ntr ati o n of s o di u m fl u or es c ei n. 
A n al y si n g w as d o n e at  T V O´s l a b or at or y a n d t h e c o n c e ntr ati o n of s o di u m fl u or es c ei n w as 
o nl y 1 µ g/ L. T his r es ult c o m bi n e d wit h  t h e i n cr e ase  of E C i n di c at es t h at t h e p u m p e d w at er 
w as  fr o m fr a ct ur es i n t h e t est s e cti o n. P u m pi n g w as st o p p e d o n 2 3  J ul y.  
H y dr a uli c r es p o ns es d uri n g t h e f o urt h p u m pi n g w er e o bs er v e d at  O L -K R 1 9 s e cti o ns L 3 –
L 5  (F i g ur es 2 0 & 2 1 ). T h er e w er e als o s m all ch a n g es t o t h e h y dr a uli c h e a d in s o m e ot h er 
drill h ol es  d uri n g t h e f o urt h p u m pi n g , b ut t h e r es p o ns es w er e s o s m all t h at it is al m ost 
i m p ossi bl e t o t ell w h et h er it w as d u e t o O L -K R 6 p u m pi n g or if t h er e w as s o m e ot h er 
r e as o n li k e n at ur al fl u ct u ati o n d u e t o t h e dr y s u m m er or s o m e ot h e r fi el d a cti viti es. 
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Fi g ur e 2 0 . Vis u ali s ati o n of t h e h y dr a uli c r es p o ns es d uri n g t h e f o urt h p u m pi n g ( vi e w f r o m S W). 
H y dr a uli c r es p o ns e s w er e o bs e r v e d f r o m O L -K R 1 9 s e cti o ns L 3 – L 5.  T h e fi g ur e i s n ot t o s c al e. 
T h e r e s p o ns es ar e cl assifi e d t o b e w e a k ( < 2 0 c m) a n d f or t hi s r e as o n t h e r e d li n e h as b e e n us e d.  
T h e h y dr o g e ol o gi c al z o n es ar e s a m e as i n Fi g ur e 4 . 
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Fi g ur e  2 1 . G W M S d at a c h art f r o m O L -K R 1 9 d uri n g t h e f o urt h p u m pi n g. T h er e w e r e sli g ht 
r e s p o ns e s in s e cti o ns L 3 – L 5. All of t h e r e s p o ns e s w er e < 2 0 c m. T h os e w er e cl assifi e d t o 
h y dr a uli c r es p o ns e s d u e t o t h e f a ct t h at t h e r e s p o ns e t o o k pl a c e d uri n g t h e O L -K R 6 p u m pi n g, 
alt h o u g h t h e r es p o ns e s w er e s m all. B e c a us e h y dr a uli c r e s p o ns e in s e cti o n L 5 w as o nl y 1 1 c m it 
s h o ul d  b e  c o nsi d er e d  as hi g hl y u n c ert ai n.  
7. 5. 5  T h e fift h p u m pi n g  
T h e fift h p u m pi n g w as d o n e fr o m t h e d e pt h of 9 6. 5 – 1 0 2. 4  m. T h er e w as  o nl y 1 fr a ct ur e 
b et w e e n t h e p a c k ers. T h e t r a ns mi ssi vit y of t h e fr a ct ur e w as 5. 8 E-0 6  m 2 /s, a n d it s d e pt h 
w as 9 9. 8 m , a c c or di n g t o P F L  m e as ur e m e nt. T his s e cti o n w as c h os e n d u e t o t h e hi g h 
tr a ns mi ssi vit y of t h e fr a ct ur e, b ut t h er e w er e n o m o d ell e d z o n e int ers e cti o ns in t hi s t est 
s e cti o n.  
T h e a ss u m e d p u m pi n g r at e f or 1 0  m dr a w d o w n w as 3. 4 8  L/ mi n. T h e r e al p u m pi n g r at e 
d uri n g t h e t est w as  a p pr o xi m at el y 4 L/ mi n , w h i c h cr e at e d 1 5 m dr a w d o w n t o t h e p a c k er 
s e cti o n . T h e c al c ul at e d p u m pi n g r at e f or 1 5 m dr a w d o w n is 5. 2 2 L/ mi n. T h e r e as o n  f or 
t h e diff er e n c e b et w e e n t h e c al c ul at e d a n d r e al p u m pi n g r at e is pr es e nt e d in S e cti o n  7. 5 . 9, 
e v e nt h o u g h t h e diff er e n c e is q uit e s m all . 
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T h e fift h p u m pi n g st art e d o n 1  A u g ust 2 0 1 9 at  9: 2 5 a. m. a n d l ast e d u ntil 1 2  A u g ust at 
2 : 1 4 p. m . T h e p u m pi n g w as st art e d as i n t h e f o urt h p u m pi n g d uri n g t h e lo w eri n g  of t h e 
p u m p t o t h e p u m p c o nt ai n er. T his w as d o n e d u e t o pr o bl e ms d uri n g t h e t hir d p u m pi n g  
(S e cti o n  7. 5 . 4). 
D uri n g t h e fift h p u m pi n g , t h er e w er e s o m e pr o bl e ms r el at e d t o t h e pr ess ur e pr o b e a b o v e 
t h e p u m p. It s h o w e d t h at t h er e was  e n o u g h w at er a b o v e t h e p u m p b ut , as c a n b e s e e n  fr o m 
t h e t a bl e (A p p e n di x 3 ), t h e w at er l e v el w as i ns uffi ci e nt, w hi c h o bstr u ct e d t h e f u n cti o ni n g  
of t h e p u m p. T his  c a n b e s e e n fr o m t h e vi br ati o n of t h e li n e. T his di d n ot, h o w e v er , aff e ct 
t h e dr a w d o w n b et w e e n t h e p a c k ers.  
T h e E C  v al u e i n cr e as e d fr o m 3. 1 3  m S/ c m t o a p pr o xi m at el y 4. 4  m S/ c m d uri n g t h e 
p u m pi n g. D uri n g t h e e arl i er s a m pl e p u m pi n gs at  O L -K R 6 , t h e E C w as  8 – 8. 5 1 m S/ c m , s o 
t h e w at er w as hi g hl y dil ut e d, m ost li k el y fr o m t h e o v er pr ess u r e t est d uri n g t h e t hir d s et -
u p  (S e cti o n  7. 3 . 3). H y dr a uli c r es p o ns es d uri n g t h e fift h p u m pi n g w er e at  O L -K R 1 9 
s e cti o ns L 3 – L 6  (F i g ur es 2 2  &  2 3 ). T h is mi n or  c h a n g e , h o w e v er , is s o s m all t h at it is 
al m ost i m p ossi bl e t o s a y if it is d u e t o O L -K R 6 p u m pi n g or j ust n at ur al fl u ct u ati o n  d u e 
t o t h e dr y s u m m er . 
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Fi g ur e  2 2 . G W M S-d at a c h art f r o m O L -K R 1 9 d uri n g t h e f ifth p u m p i n g. T h er e w er e h y dr a uli c 
r es p o ns e s o n s e cti o ns L 3 – L 6.  
Fi g ur e 2 3 . O bs e r v e d h y dr a uli c r e s p o ns es d uri n g t h e fift h p u m pi n g. T h e r es p o ns es a p p e ar e d at  
O L -K R 1 9 s e cti o ns L 3 – L 6 . R es p o ns es w er e m e di u m ( 2 0 – 4 0 c m) a n d t h er ef or e y ell o w c ol o ur 
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d es cri b es t h e r es p o ns e s.  T h e fi g ur e i s f r o m S W a n d  i s n ot t o s c al e.  T h e h y dr o g e ol o gi c al z o n es ar e 
s a m e as i n Fi g ur e 3.  
7. 5. 6  P F L D O P P in O L -K R 4 2  
B ef or e t h e si xt h p u m pi n g st art e d o n O L -K R 6, P F L D O P P e q ui p m e nt w as  i nst all e d i n O L -
K R 4 2 at d e pt h of 3 0 6. 5 – 3 1 7. 4  m . T h e m e as ur e d fr a ct ur e w as a t d e pt h of  3 1 1. 2 m.  B asi c 
i nf or m ati o n a b o ut t h e  P F L D O P P m e as ur e m e nt w as pr es e nt e d in S e cti o n  5. 1. 3.  B ef or e 
t h e i nst all ati o n of P F L D O P P t o O L-K R 4 2 , t h e drill h ol e h a d t o b e cl e a n e d wit h a s p e ci al 
P F L d u m m y  d e vi c e ( S e cti o n  7. 4 ). T his  w as d o n e t hr e e ti m es b e f or e t h e P F L D O P P 
e q ui p m e n t was  i nst all e d i n O L -K R 4 2.  
T h e p a c k ers w er e i nfl at e d o n 1 6  A u g ust  1 0: 3 0. W h e n t h e p a c k ers  ar e i nfl at e d, t h ey  is ol ate  
t h e m e as ur e m e nt s e cti o n fr o m t h e drill h ol e. T h e p a c k ers w er e e m pti e d o n 1 7  S e pt e m b er 
2 0 1 9 at 1 2: 1 5  p. m . 
I n m y o pi ni o n , if t h e drill h ol e f ee d s w at er t o t h e h y dr o g e ol o gi c al z o n e, t h e pr ess ur e o n  
t h e m e as ur e m e nt s e cti o n d e cr e as e s. D e cr e as e of t h e h y dr a uli c h e a d o n t h e m e as ur e m e nt 
s e cti o n is d u e t o is ol ati o n  of t h e s e cti o n . W h e n t h e s e cti o n is is ol at e d fr o m t h e drill h ol e, 
w at er fl o ws o ut fr o m t h e m e as ur e m e nt s e cti o n a n d t h er e is n o c o m p e ns at or y w at er 
fl o wi n g al o n g t h e drill h ol e w h e n t h e pr ess ur e o n t h e m e as ur e m e nt s e cti o n st arts t o 
d e cr e as e.  T his p h e n o m e n o n r e c urs als o i n s urr o u n di n g drill h ol e s e cti o ns if t h er e ar e 
h y dr a uli c c o n n e cti o ns.  T his pr o c ess es is dir e ct e d b y m e a ns of pr ess ur e diff er e n c es. 
If t h er e is a str o n g h y dr a uli c c o n n e cti o n t o u n d er gr o u n d o p e ni n gs  (e. g.  O N K A L O ), t h e 
pr ess ur e of t h e h y dr o g e ol o gi c al z o n e s h o ul d d e cr e as e str o n gl y f or a l o n g ti m e. If s o m e 
ot h er drill h ol e f e e ds w at er t o t h e h y dr o g e ol o gi c al z o n e, t h e drill h ol es h y dr a uli c h e a d 
s h o ul d si mil arl y d e cr e as e . O n t h e ot h er h a n d , t h e h y dr a uli c h e a d at t h e  O L -K R 4 2 
m e as ur e m e nt s e cti o n s h o ul d h a v e o nl y a mi n or d e cr e as e  if s o m e ot h er drill h ol e f e ds w at er 
t o t h e h y dr o g e ol o gi c al z o n e. 
D u ri n g t h e P F L D O P P m e as ur e m e nt, t h e h y dr a uli c h e a d at t h e  m e as ur e m e nt s e cti o n 
d e cr e as e d  b y a p pr o xi m at el y  a t ot al of 4  m etr e s f or a w e e k a n d  t h e n st a bilis e d al m ost 
c o m pl et el y . T h e h y dr a uli c h e a d at  O L -K R 1 2 s e cti o n L 6 als o d e cr e as e d b y 2  m etr e s, ri g ht 
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aft er t h e p a c k ers at O L -K R 4 2 w er e d efl at e d . T his i n di c at es t h at t h er e is a dir e ct h y dr a uli c 
c o n n e cti o n b et w e e n O L -K R 4 2 a n d O L -K R 1 2  (F i g ur e 24) . 
Fi g ur e 2 4. H y dr a uli c r e s p o ns e d uri n g t h e O L -K R 4 2 P F L D O P P m e as ur e m e nt. T h e fi g ur e  i s f r o m 
t h e w est a n d i s n ot t o s c al e . T h e h y dr o g e ol o gi c al z o n e i n t h e fi g ur e is H Z L 4  ( V aitti n e n et al. 2 0 x x 
- i n pr e p.). T h e r es p o ns e f r o m O L-K R 4 2 P F L D O P P  w as st r o n g ( > 4 0 c m; gr e e n li n e) a n d w as 
s e e n cl e arl y i n O L -K R 1 2 s e cti o n L 6 .  
E arl i er st u di es ( e. g.  P e ntti  et al. 2 0 1 4) dis c uss e d t h at t h er e mi g ht b e a h y dr a uli c 
c o n n e cti o n  fr o m O L-K R 4 2 (fr a ct ur e 3 1 1. 2  m ) t o O N K A L O . T h e h y dr a uli c h e a d 
d e cr e as e d b y o nl y 4  m etr e s d uri n g t h e O L -K R 4 2 P F L D O P P  a n d , if t h er e w er e a dir e ct 
h y dr a uli c c o n n e cti o n t o O N K A L O , t h e h y dr a uli c h e a d of O L-K R 4 2 s h o ul d  mi g ht  h a v e  
d e cr e as e d  m or e. H o w e v er , t h e tr a ns mi ssi vit y is aff e cti n g t o cr e at e d dr a w d o w n als o. All 
i n all it c a n b e s ai d t h at, O L -K R 4 2 is wit hi n t h e ar e a  of i nfl u e n c e of O N K A L O . T his c a n 
b e s e e n fr o m t h e fl o w a n d pr ess ur e d at a of fr a ct ur es i n O L-K R 4 2 ( P e ntti  et a l. 2 0 1 4. t a bl e 
6 -5).  
7. 5. 7  T h e s i xt h p u m pi n g 
T h e si xt h p u m pi n g w as d o n e fr o m t h e d e pt h of 2 8. 9 – 3 4. 8 m. T h er e w er e a t ot al of 6  
fr a ct ur es b et w e e n t h e p a c k ers. Th e t r a ns mi ssi vit y of t h e fr a ct ur es v ari e d fr o m 5. 9 E -0 9  t o 
1. 0 0 E -0 5  m 2 /s, a n d t h eir d e pt h s w er e 2 9. 4 m, 3 0. 4 m, 3 0. 8 5 m, 3 2. 8 m, 3 3. 6 m a n d 3 3. 9 
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m , a c c or di n g t o P F L  m e a s ur e m e nt. T his s e cti o n w as c h os e n b as e d o n t h e m o d ell e d H Z L 4 
i nt ers e cti o n ( V aitti n e n et al. 2 0 X X –  i n pr e p. ). 
T h e a ss u m e d p u m pi n g r at e f or 1 0  m dr a w d o w n w as 1 0. 7 6  L/ mi n. T h e r e al p u m pi n g r at e 
d uri n g t h e t est w as  a p pr o xi m at el y 1 4 L/ mi n , w hi c h cr e at e d a p pr o xi m at el y 8. 5 m 
dr a w d o w n.  T h e c al c ul at e d p u m pi n g r at e f or 8. 5 m dr a w d o w n is 9. 1 5 L/ mi n. T h e t h e or y 
f or t h e diff er e n c e b et w e e n t h e c al c ul at e d a n d r e al p u m pi n g r at e is pr es e nt e d in S e cti o n  
7. 5 . 9. 
T h e si xt h p u m pi n g st art e d o n 1 9  A u g ust at 9: 2 5 a. m. a n d l ast e d u ntil 2 9  A u g ust at 8: 4 7  
a. m.  As i n t h e f o urt h a n d t h e fift h p u m pi n g, t h e p u m pi n g w as st art e d d uri n g t h e l o w eri n g  
of t h e p u m p t o t h e p u m p c o nt ai n er. T his w as d o n e d u e t o pr o bl e ms d uri n g t h e t hir d 
p u m pi n g  (S e cti o n  7. 5 . 4). 
D uri n g t h e si xt h p u m pi n g , t h er e was  a sli g ht l e a k a g e t o t h e p u m p c o nt ai n er or l e a k a g e b y  
t h e u p p er p a c k er vi a t h e b e dr o c k. T his c a n b e s e e n fr o m t h e t a bl e  (A p p e n di x 3)  w h er e t h e 
fr es h w at er h e a d o n t h e drill h ol e d e cr e as e d b y 2. 9  m etr e s i m m e di at el y aft er t h e p u m pi n g 
st art e d.  T his c o ul d b e t h e r e as o n f or s m all er dr a w d o w n t h a n e x p e ct e d i n t h e t est s e cti o n. 
O n t h e ot h er h a n d , it c o ul d b e a r e as o n f or a gr e at er p u m pi n g r at e.  
H y dr a uli c r es p o ns es d uri n g t h e si xt h p u m pi n g w er e at  O L -K R 1 9 s e cti o ns L 3 – L 8  (F i g ur es 
2 5  & 2 6 ). S o m e r es p o ns es w er e als o o bs er v e d i n O L -K R 2 s e cti o n L 5 a n d O L -K R 1 3 
s e cti o n L 4 ( A p p e n di x 4) . T h er e w er e als o s o m e mi n or c h a n g es i n O L -K R 1 3  s e cti o n L 4. 
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T h es e  mi n or  c h a n g es , h o w e v er , ar e s o s m all t h at it is al m ost i m p ossi bl e t o s a y if t h e y 
w er e  d u e t o O L -K R 6 p u m pi n g or j ust n at ur al fl u ct u ati o n  d u e t o t h e dr y s u m m er .  
F i g ur e 25 . O bs e r v e d h y dr a uli c r e s p o ns es d uri n g t h e s i xt h p u m pi n g. D uri n g O L-K R 6 p u m pi n g , 
r e s p o ns e s w er e o bs e r v e d fr o m O L -K R 1 9 s e cti o ns L 3 – L 8, O L -K R 2 s e cti o n L 5 a n d O L -K R 1 3 
s e cti o n L 4.  T h e fi g ur e  i s fr o m S W a n d i s n ot t o s c al e. T h e h y dr a uli c r es p o ns e s w er e st r o n g ( gr e e n 
li n e) i n O L-K R 1 9 s e cti o ns L 3 – L 6, m e di u m ( y ell o w li n e) i n O L -K R 1 9 s e cti o ns L 7 – L 8 a n d i n O L -
K R 1 3 s e cti o n L 4, a n d w e a k (r e d li n e) i n O L -K R 2 s e cti o n L 5 b as e d o n t h e cl assifi c ati o n pr es e nt e d 








8 0  
 
Fi g ur e  2 6 . G W M S-d at a c h art f r o m O L -K R 1 9 d uri n g t h e si xt h p u m pi n g. T h er e w er e h y dr a uli c 
r e s p o ns e s in s e cti o ns L 3 – L 8.  
7. 5. 8  U n c e rt ai niti es  of t h e p u m p i n gs 
D uri n g t h e p u m pi n g s, t h e o nl y m aj or t e c h ni c al pr o bl e m was  p u m p br e a k d o w ns d uri n g 
t h e t hir d p u m pi n g (S e cti o n  7 . 5. 3). S o m e mi n or diffi c ulti es  r el at e d t o p u m pi n gs w er e 
o bs er v e d in t h e first a n d si xt h p u m pi n gs  (l e a k a g e b y u p p er p a c k er, s e cti o ns 7. 5 . 1 a n d 
7. 5 . 7). T h e a f or e m e nti o ne d mi n or diffi c ulti es , h o w e v er , h a d n o n ot a bl e eff e ct o n t h e 
s u c c es s of t h e p u m pi n gs. O n t h e ot h er h a n d , o n e pr o bl e m  d uri n g t h e t hir d p u m pi n g  
(S e cti o n  7. 5 . 3) w as  t h at t h e 2 0-m m h os e fr o m t h e p a c k ers t o t h e p u m p c o nt ai n er w as 
"str a n g l e d ", w hi c h c a us e d r el ati v el y s m all dr a w d o w n d uri n g t h e p u m pi n g. T his mi g ht 
als o h a v e b e e n a r es ult of t h e o v er pr ess uri n g b e c a us e t h e i n cr e as e i n pr ess ur e i n t h e t est 
s e cti o n l ast e d l o n g er t h a n e x p e ct e d  (A p p e n di x 3) . 
S o m e ot h er diffi c ulti es  ar e r el at e d t o t h e e x c a v ati o n of t h e O N K A L O  a n d ot h er fi el d 
a cti viti es in t h e ar e a.  P r o bl e ms wit h t h e O L -K R 2 8 m ulti -p a c k er s yst e m als o m a d e  t h e 
i nt er pr et ati o n of t h e h y dr a uli c r es p o ns es m or e diffi c ult . T his is d u e t o t h e f a ct t h at O L -
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K R 2 8 p erf or at es s o m e of t h e m aj or h y d r o g e ol o gi c al z o n es ( H Z 1 9A, -B, -C,  H Z 2 0 A & -
B ) ( V aitti n e n et al. 2 0 X X - i n pr e p.). H y dr o g e ol o gi c al z o n es ar e p a c k er e d s e p ar at el y a n d 
t h eir h y dr a uli c h e a d is t h er ef or e diff er e nt i n e v er y h y dr o g e ol o gi c al z o n e. W h e n t h er e ar e 
pr o bl e ms wit h p a c k ers t h e h y dr a ul i c h e a d g ets dist ur b e d i n e v er y H Z z o n e a n d t h e eff e ct s 
( dist ur b a n c es) ar e s e e n i n t h e w h ol e ar e a of e a c h h y dr o g e ol o gi c al z o n e.  
A n ot h er  c o ns e q u e n c e of t h e  m ulti -p a c k er s yst e m w as  t h e r e m o v al of t h e p a c k ers  fr o m 
O L -K R 1 1 d uri n g t h e i nt erf er e n c e t est , w hi c h cr e at e d u n c ert ai nti es i n  t h e i nt er pr et ati o n of 
t h e h y dr a uli c r es p o ns es. Als o, t h e n at ur al d e cr e as e of t h e gr o u n d w at er t a bl e d uri n g t h e 
s u m m er c a us e d  u n c ert ai nti es  i n t h e o bs er v ati o ns of h y dr a uli c r es p o ns es  i n t h e u p p er p art 
of t h e b e dr o c k.  
O n e m aj or  (t e c h ni c al) u n c ert ai nt y r el at e d t o t h e i nt erf er e n c e t est is t h at, d u e t o t h e l a c k of 
s p a c e i n O L-K R 6 , t h er e was  n o p ossi bilit y f or a pr ess ur e m e as ur e m e nt  u n d er t h e l o w er 
p a c k er. T his m e a nt  t h at t h er e w as n o k n o wl e d g e  of w h et h er t h er e w er e a n y l e a k a g es b y 
t h e l o wer p a c k er.  T h e  t e c h ni c al pr o bl e ms of m o nit ori n g t h e h y dr a uli c h e a d  a ut o m ati c all y  
at O L -E P 4 als o c a us e d s o m e u n c ert ai nt i es i n t h e r es ult s. 
At g re at er d e pt hs , t h er e is o n e el e m e nt of u n c ert ai nt y  r el at e d t o t h e p u m pi n g r at es 
pr es e nt e d in s e cti o n  ( 7.5 . 3). If th e p u m pi n g r at e is r el ati v el y s m all ( e. g.  < 0. 5 L/ mi n) , is 
it gr e at e n o u g h t o cr e at e a dr a w d o w n t o l o n g er p a c k er s e cti o ns (fr o m  m etr e s t o t e ns of  
m etr e s) in o bs er v ati o n drill h ol es , des pit e t h e f a ct t h at cr e at e d dist ur b a n c e ( dr a w d o w n) 
s h o ul d b e gr e at e n o u g h ?  T his i s dis c uss e d als o i n S e cti o n  7. 5 . 3. 
7. 5. 9  Dis c u ssi o n  a n d r e c o m m e n d ati o ns  
T h e o nl y n ot a bl e o bs er v ati o ns d uri n g p u m pi n gs  r el at e d t o h y dr o g e ol o gi c al z o n es w er e  
o bs er v ati o ns i n H Z L 4 z o n e.  P art s of H Z L 4  (i nt er s e cti o ns i n O L -K R 4 2 a n d O L -K R 1 2 ) 
h a v e a dir e ct h y dr a uli c c o n n e cti o n. O n t h e ot h er h a n d, t h e  si xt h p u m pi n g at  O L -K R 6 w as  
o bs er v e d  at  e v er y H Z L 4 i nt ers e cti o n, wit h  t h e e x c e pti o n of O L -K R 4 2 a n d O L -K R 1 2 L 6. 
H o w e v er , this o bs er v ati o n is u n c ert ai n  b e c a us e, w h e n t h e si xt h p u m pi n g at  O L -K R 6 w as 
st art e d , t h er e was still  o n g oi n g  dist ur b a n c e i n O L -K R 4 2 a n d O L -K R 1 2 L 6.   
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M or e o v er, t h e ti m et a bl e r el at e d t o O L-K R 4 2 P F L D O P P m e as ur e m e nt s h o ul d h a v e b e e n 
m o difi e d. T h e P F L D O P P m e as ur e m e nt s h o ul d h a v e b e e n st art e d t w o w e e ks or a m o nt h 
b ef or e st arti n g t h e si xt h p u m pi n g at  O L -K R 6 i n or d er t o h a v e a st e a d y  st at e at  O L -K R 4 2 
a n d O L -K R 1 2 L 6. I n t his c as e , m a y b e it w o ul d h a v e b e e n p ossi bl e t o o bs er v e s o m e 
h y dr a uli c r es p o ns es b et w e e n O L -K R 6,  O L -K R 4 2 a n d O L -K R 1 2  (i n t h e w h ol e m o d ell e d 
e xt e nt  of H Z L 4) . 
I n f ut ur e, t h e p u m pi n g ti m es at g r e at er d e pt hs in  i nt erf er e n c e t ests s h o ul d b e c o nsi d er e d  
m or e a c c ur at el y. I n t hi s t h esis , t h e p u m pi n g ti m es w er e r el ati v el y s h ort a n d t hi s c o ul d b e 
o n e of t h e r e as o ns w h y n o t all of t h e e x p e ct e d h y dr a uli c r es p o ns es  w er e o bs er v e d . T h e 
ti m et a bl e s h o ul d b e c onsi d er e d d e p e n di n g o n w hi c h is m or e i m p ort a nt: t h e n u m b er  of t est 
s e cti o ns or t h e r es ult s b ei n g ai m e d f or . It s h o ul d b e c o nsi d er e d if it is m or e i m p ort a nt t o:  
1.  p u m p t w o diff er e nt t est s e cti o ns f or t w o w e e ks e a c h , or  
2.  p u m p o nl y o n e t est s e cti o n f or f o ur w e e ks t o b e "s ur e " t h at t h er e ar e  n o  h y dr a uli c 
c o n n e cti o ns.  
I n t hi s t h esis, w e c h os e n u m b er 1  i n or d er t o g ai n m or e r es ult s i n l ess ti m e . I n r etr os p e ct, 
n u m b er 2 c o ul d h a v e b e e n a b ett er c h oi c e  i n or d er t o e ns ur e h a v i n g at l e ast o n e s ur e 
o bs er v ati o n r at h er th a n t w o u n c ert ai n o n es . T h at s ai d, it w as ass ess e d ( c al c ul at e d a n d 
b as e d o n e x p ert j u d g e m e nt) t h at t h e us e d p u m pi n g r at es  a n d ti m es s h o ul d b e s uffi ci e nt 
f or t h e i nt erf er e n c e t est. I n t h es e ki n ds of i n v esti g ati o ns c ert ail l e v el of u n c ert ai nt y al w a ys 
r e m ai ns.    
Als o , if t h er e is a n e e d t o o bs er v e t h e h y dr a uli c h e a ds of diff er e nt h y dr o g e ol o gi c al z o n es , 
all t h e m ulti -p a c k er s yst e ms r el at e d t o h y dr o g e ol o gi c al z o n es u n d er r es e ar c h s h o ul d b e i n 
or d er. D uri n g t hi s t est , t h er e w er e m a n y  pr o bl e ms wit h cr u ci al m ulti -p a c k er s yst e ms ( e. g.  
O L -K R 2 8). T h e eff e ct of O N K A L O  ( a n d e x c a v ati o ns), K or v e ns u o r es er v oir a n d w e at h er 
c o n diti o ns s h o ul d als o b e t a k en  i nt o a c c o u nt  m or e a c c ur at el y t h a n i n t hi s t h esis.  
D uri n g al m ost e v er y p u m pi n g , t h er e was  a  disti n cti o n b et w e e n t h e c al c u l at e d a n d r e al 
p u m pi n g r at e d es pit e t h e m a g nit u d e of dr a w d o w n. O n e r e as o n f or t hi s is s u p p os e dl y 
b e c a us e t h e  fl o w g e o m etr y p ar a m et er is u n c ert ai n (S e cti o n  7. 2 .). F or t hi s r e a s o n, it c o ul d 
b e s ai d t h at t h e di ff er e n c e b et w e e n t h e c al c ul at e d p u m pi n g r at e a n d t h e r e al p u m pi n g r at e 
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is r el at e d t o t h e u n c ert ai nt y  of t h e fl o w g e o m etr y , i. e. t h e eff e ct of t h e fl o w g e o m etr y 
p ar a m et er ( S e cti o n  7. 2 ), w hi c h s h o ul d b e e x a mi n e d  f urt h er i n or d er t o g ai n b ett er 
k n o wl e d g e f or f ut ur e p u m pi n g a n d i nt erf er e n c e t ests. 
T h e eff e ct  of t o p o gr a p h y c a n b e e x cl u d e d fr o m t his t h esis. O L -K R 6 is 2. 2 8  m a b o v e s e a  
l e v el. T h e drill h ol es u n d er cl os er i n v esti g ati o n - O L -K R 2, -K R 1 2, -K R 1 3, -K R 1 9, -K R 2 0 
a n d -K R 4 2  - ar e 5. 8 0 – 8. 8 0  m etr e s a b o v e s e a  l e v el. B asi c all y, t h e m a xi m u m diff er e n c e in 
el e v ati o ns b et w e e n O L -K R 6 a n d it s s urr o u n di n g drill h ol es is t h er ef or e 6. 6 2  m etr e s, s o 
t h e el e v ati o n diff er e n c e will h a v e n o s u bst a nti al eff e ct  o n t h e m o v e m e nt of gr o u n d w at er  
at  l e ast i n t h e d e e p er s e cti o ns.  
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8  DI S C U S SI O N A N D C O N C L U SI O N S  
P u m pi n g t ests a n d i nt erf er e n c e t ests h a v e b e e n c o m m o nl y u se d  t o ols f or i n v esti g ati n g 
gr o u n d w at er fl o w c o n diti o ns, h y dr a uli c c o n n e cti o ns, et c. o n t h e gr o u n d a n d at  O N K A L O  
d uri n g t h e  i n v esti g ati o ns o n  Ol kil u ot o Isl a n d ( e. g.  H a nss o n et al . (2 0 1 5), P e ntti  et al.  
(2 0 1 9 ) R eij o n e n  et al . (2 0 1 5) ). I nt erf er e n c e t ests ar e a g o o d w a y t o st u d y t h e gr o u n d w at er 
fl o w pr o p erti es  a n d h y dr a uli c c o n n e cti o ns  at  Ol kil u ot o  w h er e t h e a m o u nt  of diff er e nt 
ki n ds of o bs er v ati o n p oi nt s is r e m ar k a bl e. Fr o m diff er e nt o bs er v ati o n p oi nt s, it is p ossi bl e 
t o g et v er y r eli a bl e r es ult s f or cl arif yi n g gr o u n d w at er o bs er v ati o n r es ult s . 
 T a bl e 1. T h e o p e n q u esti o ns b ef or e a n i nt erf er e n c e t est a n d r es ult s g at h e r e d fr o m t h e 
i nt erf er e n c e t est. 
O p e n q u e sti o n fr o m O L -
K R 6 l o n g -t er m p u m pi n g 
t e st 
R e s ult fr o m a n i nt erf er e n c e t e st  
H Z 2 1 i nt ers e cti o n o n O L -K R 6; 
m o d ell e d r es p o ns es w as n ot 
s e e n o n t h e fi el d d at a  
M o d ell e d i nt ers e cti o n i n O L -K R 6 is r e alis ti c, d uri n g t his p u m pi n g 
t h er e w er e n o h y dr a uli c r es p o ns es i n H Z 2 1  (t h e s e c o n d p u m pi n g; 
s e cti o n 7. 5 . 2) 
P o ssi bl e c o n n e cti o n t o H Z 2 0 A 
s y st e m fr o m t h e d e pt h of 5 9 m 
fr o m O L-K R 6  
T h er e w er e n o r e s p o ns es o n H Z 2 0 A ar e a; M ulti -p a c k er e q ui p m e nt 
pr o bl e ms o n O L -K R 2 8  p o ssi bl y hi n d er e d t h e o bs er v ati o n s  of 
h y dr a uli c r es p o ns es  (t h e first p u m pi n g, s e cti o n 7. 5. 1) 
C o nti n u ati o n of H Z L 4 t o w ar ds 
O L -K R 4 2  
T h er e  w as a  h y dr a uli c r es p o ns e b et w e e n O L -K R 4 2 & -1 2. O n t h e 
ot h er h a n d t h er e w er e h y dr a uli c c o n n e cti o ns i n ot h er H Z L 4 
i nt ers e cti o ns d uri n g O L-K R 6 p u m pi n g . ( P F L D O P P i n O L-K R 4 2 a n d 
t h e si xt h p u m pi n g i n O L -K R 6, s e cti o ns 7. 5. 6 & 7. 5 . 7) 
H Z 0 9 9 i nt ers e cti o n i n O L -K R 6 
( " ol d " v s. n e w)  
D uri n g t h e p u m pi n g of ol d H Z 0 9 9 i nt ers e cti o n p oi nt i n O L -K R 6, 
t h er e was a  h y dr a uli c r es p o ns e i n O L -K R 1 9 H Z 0 9 9 i nt ers e cti o n 
p oi nt  (t h e f o urt h p u m pi n g, s e cti o n 7. 5. 4) 
T h er e w er e n oti c e d s o m e 
h y dr a uli c r es p o ns es o utsi d e t h e 
H Z z o n es o n t h e u p p er p arts of 
t h e b e dr o c k  
H y p ot h esis of h ori z o nt al fr a ct uri n g i n t h e u p p er p arts of t h e 
b e dr o c k ( u p t o 1 4 0 m)  a n d t h er e w er e s o m e i n di c ati o ns of 
i nt er a cti o n b et w e e n H Z z o n es a n d h ori z o nt al fr a ct ur es 
 
T h e ai m of t hi s t h esis is pr es e nt e d in  C h a pt er 7  a n d T a bl e  1 . D uri n g a n i nt erf er e n c e t est, 
s o m e o bs er v ati o ns w er e m a d e. T h e H Z 2 1 z o n e is m o d ell e d t o i nt ers e ct O L -K R 6 at d e pt h s 
of 4 7 3. 6 – 4 7 7. 9  m ( V aitti n e n  et al. 2 0 X X, i n pr e p. ). T h e h y dr o g e ol o gi c al i nfl u e n c e z o n e 
of H Z 2 1 is s h o w n  t o i nt ers e ct O L-K R 6 at d e pt h s of 4 3 5 – 4 9 2. 2 m . W h e n pl a n ni n g t h e 
i nt erf er e n c e t est, it w as n oti c e d t h at, fr o m t h e fr a ct ur es n e ar t his d e pt h, t h e gr e at est T P F L -
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v al u e of 1. 1 E -0 7 m 2 /s w as t h e fr a ct ur e at d e pt h of 4 2 3. 6 m. E v e n  t h o u g h H Z 2 1 was  n o t 
m o d ell e d t o t hi s fr a ct ur e , it w as c h os e n a s t h e s e c o n d p u m pi n g t ar g et.  
T h e r es ult s fr o m t h e s e c o n d p u m pi n g ar e pr es e nt e d in S e cti o n  7. 5 . 2 a n d 7. 5 . 8. T h er e w er e 
n o o bs er v e d h y dr a uli c c o n n e cti o ns  fr o m O L-K R 6 t o t h e H Z 2 1 z o n e at t h e d e pt h s of 
4 2 1. 5 – 4 2 8 m . It c a n b e s ai d t h at b as e d o n af or e m e nti o n e d l a c k of h y dr a uli c r es p o ns es 
fr o m p u m p e d d e pt h t h e m o d ell e d i nt ers e cti o n of H Z 21  i n O L-K R 6 is r e ali sti c. Or at l e ast 
it i nt ers e cts O L-K R 6 at gr e at er d e pt h t h a n 4 2 8 m.  
O n e u n c ert ai nt y  r el at e d t o t hi s H Z 2 1 c o n n e cti o n  is w h et h er t h e p u m pi n g ti m e w as l o n g 
e n o u g h. Ot h er u n c ert ai nt y , pr es e nt e d in S e cti o n s 7. 5 . 3 & 7. 5 . 8, is w h et h er t h e p u m pi n g 
r at e was  t o o l o w t o d et e ct h y dr a uli c c o n n e cti o ns i n l o n g er p a c k er s e cti o ns i n s urr o u n di n g 
drill h ol es , d es pit e t h e f a ct t h at t h e cr e at e d dist ur b a n c e ( dr a w d o w n) s h o ul d h a v e b e e n  gr e at 
e n o u g h. Als o , t h e f a ct t h at t h e e x c a v ati o n of O N K A L O  w as o n g oi n g  mi g ht h a v e  c a us e d 
u n c ert ai nti es  i n t h e o bs er v ati o n of h y dr a uli c c o n n e cti o ns at gr e at er d e pt hs . 
T h e r es ult s fr o m t h e t hir d p u m pi n g ar e pr es e nt e d i n S e cti o n 7. 5. 3. T h er e w er e s o m e 
pr o bl e ms r el at e d t o f u n cti o n of t h e p u m p (s e e S e cti o n s 7. 5. 3 &  7. 5. 8).  D u e t o t e c h ni c al 
pr o bl e ms  a n d  o p p osit e dist ur b a n c e f or t h e gr o u n d w at er s yst e m ( dr a w d o w n v ers us 
o v er pr ess ur e , s e e S e cti o n 7. 5. 3) t h er e w er e n o h y dr a uli c r es p o ns es i n H Z 2 1 B d uri n g t h e 
t hir d p u m pi n g. 
A p ossi bl e c o n n e cti o n fr o m O L -K R 6  (fr o m a d e pt h of 5 9  m)  t o t h e H Z 2 0 A s yst e m 
pr es e nt e d b y  R eij o n e n et al . (2 0 1 5 ) is hi g hl y u n c ert ai n. D uri n g t hi s i nt erf er e n c e t est, t h er e 
w er e n o  o bs er v ati o ns of i nt er a cti o n b et w e e n t h e O L -K R 6 a n d H Z 2 0 A h y dr o g e ol o gi c al 
z o n e s. T his H Z 2 0 A s p e c ul ati o n h as  b e e n  " f or g ott e n" , b e c a us e i n r e c e nt y e ars t h er e h a v e  
h ar dl y b e e n a n y o bs er v ati o ns of t his i nt er a cti o n fr o m fi e l d a cti viti es.  
U n c ert ai nti es  r el at e d t o t h e H Z 2 0 A c o n n e cti o n fr o m O L K R 6 r el at e  t o pr o bl e ms wit h t h e 
m ulti -p a c k er e q ui p m e nt o n O L -K R 2 8. T e c h ni c al p r o bl e ms wit h  t hi s e q ui p m e nt ar e 
o b vi o usl y s e e n i n t h e h y dr a uli c h e a d  a n d  in  h y dr o g e ol o gi c al z o n es  H Z 2 0 A  a n d H Z 1 9 . If 
t h er e was  s o m e h y dr a uli c i nt er a cti o n b et w e e n O L -K R 6 a n d H Z 2 0 A , m a y b e t h e h y dr a uli c 
r es p o ns e w o ul d h a v e b e e n c o n c e al e d  b y  t h e dist ur b a n c e c a us e d b y O L -K R 2 8. T o b e s ur e 
t h at t h e i nt er a cti o n b et w e e n O L-K R 6 a n d H Z 2 0 A d o es  n o t e xist, t h e first, f o urt h a n d fift h 
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p u m pi n g s at  O L -K R 6 s h o ul d b e r e p e at e d w h e n  t h er e ar e n o  n ot a bl e  dist ur b a n c es  i n t h e 
H Z 2 0 A s yst e m.  
T h e c urr e nt H Z 0 9 9 i nt er s e cti o n w as  i n cl u d e d i n t h e ori gi n al i nt erf er e n c e t est pl a n. D u e 
t o t e c h ni c al pr o bl e ms d uri n g t h e t hir d p u m pi n g, it w as l eft o ut b as e d o n t h e f a ct t h at 
tr a ns mi ssi vit y at t h e d e pt h of t h e c urr e nt H Z 0 9 9  i nt ers e cti o n w as  1. 0 0 E -8  m 2 /s. L o w 
tr a ns mi ssi vit y c o ul d c a us e t e c h ni c al pr obl e ms f or t h e M P p u m p as w as s e e n in t h e t hir d 
p u m pi n g.  D uri n g t h e e arli er P F L  m e as ur e m e nts ( e. g.  P e k k a n e n 2 0 1 8) , n o fl o w w as 
o bs er v e d fr o m fr a ct ur e at a d e pt h of 1 6 3. 6 m.  
T h e f o urt h p u m pi n g ( S e cti o n  7. 5 . 4) was fr o m a  d e pt h of t h e " ol d " H Z 0 9 9 i nt ers e cti o n 
( V aitti n e n et al. 2 0 1 1) a n d t h e c urr e nt H Z 0 0 1 ( V aitti n e n et al. 2 0 X X - i n pr e p. ). H y dr a uli c 
c o n n e cti o ns w er e o bs er v e d  i n O L -K R 1 9  s e cti o ns L 3 – L 5. T h e m o d ell e d i nt ers e cti o n of 
H Z 0 9 9 o n t h e c urr e nt m o d el ( V aitti n e n et al. 2 0 X X - i n pr e p. ) is at O L -K R 1 9 s e cti o n L 3 , 
a n d H Z 0 0 1 at  O L -K R 1 9  s e cti o n L 4. N o ot h er h y dr a uli c r es p o ns es at H Z 0 9 9 w er e 
o bs er v e d at a n y ot h er m o d ell e d i nt ers e cti o ns.  
B as e d o n t h e h y dr o g e ol o gi c al m o d el,  a h y dr a uli c r es p o ns e  at  H Z 0 0 1  s h o ul d als o h a v e 
b e e n o bs er v e d i n O L -K R 1 3 s e cti o n L 3 b ut t h er e w as  n o r es p o ns e.  O n e r e as o n w as t h at  
t h e h y dr a uli c h e a d of O L -K R 1 3 s e cti o ns L 3 a n d L 4 st art e d t o d e cr e as e in mi d -J u n e. T h e 
d o w n w ar d dir e cti o n of t h e h y dr a uli c h e a d l ast e d u ntil 2 1  J ul y. Aft er t h at t h e gr o u n d w at er 
t a bl e w e nt b el o w m e as ur e m e nt li mits  s o c o ul d  n ot h a v e  b e e n o bs er v e d.   
T h es e  u n c ert ai n o bs er v ati o ns in b ot h z o n es c o ul d b e e x pl ai n e d b y  t h e l o n g dist a n c es 
b et w e e n O L -K R 6 a n d ot h er i nt ers e cti o n p oi nt s i n ot h er drill h ol es. T h e l o n g dist a n c e 
c o m b i n e d wit h  t h e s h ort p u m pi n g ti m e ( 1 3 d a ys) c o ul d e x pl ai n t hi s o bs er v ati o n. As 
pr es e nt e d b ef or e ( e. g.  V aitti n e n et al.  2 0 x x  -i n pr e p. ), it is k n o w n t h at h y dr a uli c r es p o ns es 
di mi ni s h as a f u n cti o n of dist a n c e.  It c o ul d still b e s ai d t h at H Z 0 0 1 o n t h e c urr e nt m o d el 
is r e ali sti c d u e t o t h e o bs er v ati o n of h y dr a uli c  r es p o ns e b et w e e n O L-K R 6 a n d O L -K R 1 9.  
T h e c urr e nt i nt ers e cti o n of H Z 0 9 9 o n O L -K R 6 s h o ul d b e r e c o nsid er e d d u e t o t h e 
h y dr a uli c r es p o ns e at t h e H Z 0 9 9 i nt ers e cti o n  at  O L -K R 1 9 L 3 d uri n g t h e f o urt h p u m pi n g. 
T h e f o urt h p u m pi n g w a s d o n e at  t h e " ol d " i nt ers e cti o n of H Z 0 9 9 at  O L -K R 6. T h e 
h y dr a uli c r es p o ns e at  O L -K R 1 9 s e cti o n L 5 is als o a n o d d o bs er v ati o n.  
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T h e e xt e nt of H Z L 4 w as o n e of t h e t ar g ets of t hi s t h esis. T h e r es ult s w er e  dis c uss e d e arli er 
in S e cti o n s 7. 5 . 6, 7. 5 . 7 a n d 7. 5. 8. T h e pr o bl e m d uri n g t h e si xt h p u m pi n g r el at e d t o t h e 
f a ct t h at t h er e was  o n g oi n g dist ur b a n c e at  O L -K R 4 2 a n d O L -K R 1 2 , w hi c h c o ul d h a v e 
c o n c e al e d t h e h y dr a uli c r es p o ns e fr o m O L-K R 6 a n d O L -K R 4 2 & -1 2. T h er e ar e t w o 
alt er n ati v e c h oi c es:  
1.  O L -K R 1 2 a n d O L -K R 4 2 ar e c o n n e ct e d b y   a n e w, n ot y et m o d ell e d,  
h y dr o g e ol o gi c al z o n e s e p ar at e fr o m H Z L 4, or  
2.  O L -K R 4 2 a n d O L -1 2 ar e p art of t h e H Z L 4 s yst e m  a n d t h e h y dr a uli c r es p o ns e w as  
di mi ni s h e d b e c a us e of l o n g dist a n c e or o n g oi n g di st ur b a n c e . 
D u e t o t h e s h ort p eri o d of ti m e , it is al m ost i m p ossi bl e t o s a y w hic h o pi ni o n is m or e 
c orr e ct. T h e m aj or q u esti o n is w h y t h e O L -K R 1 2 L 6 a n d O L -K R 4 2 h y dr a uli c r es p o ns e s  
di d  n o t a p p e ar at ot h er H Z L 4 i nt ers e cti o ns , d uri n g t h e t hr e e d a ys b et w e e n t h e st art of P F L 
D O P P m e as ur e m e nt a n d st arti n g t h e p u m pi n g at  O L -K R 6.  T his c o ul d b e d u e t o t h e 
diff er e nt O L -B F Z z o n es o n t h e m o d ell e d H Z L 4  i. e. H Z L 4 z o n e c o nsists of t w o diff er e nt 
m o d ell e d O L -B F Zs  ( S e cti o n 4. 2. 2). H o w e v er,  t h e h y dr a uli c r es p o ns e a p p e ar e d at O L -
K R 1 9, -K R 1 3 & -K R 2 l ess t h a n a d a y aft er st arti n g t h e p u m pi n g at  O L -K R 6. A n  
u n e x p e ct e d  o bs er v ati o n w as  t h at t h e si xt h p u m pi n g at  O L -K R 6 c a us e d  r es p o ns es at O L -
K R 1 9 s e cti o ns L 3 – L 8. T h e u p p er s e cti o n  r es p o ns es (at  O L -K R 1 9)  c o ul d b e c a us e d  b y  
l e a k a g e b y t h e u p p er p a c k er at  O L -K R 6 (s e e S e cti o n 7. 5 . 7). A ls o, t h e l o w er s e cti o ns (at  
O L -K R 1 9) c o ul d h a v e b e e n  c a us e d b y l e a k a g e fr o m t h e l o w er p a c k er at  O L -K R 6.  
T h e m ost i m p ort a nt o bs er v ati o n  r es ulti n g fr o m t hi s t h esis is t h at all t h e p u m pi n gs d o n e  i n 
t h e u p p er p art of O L-K R 6 ( d e pt h of < 1 4 0 m) w er e  s e e n in O L -K R 1 9 u p p er s e cti o ns l ess 
t h a n a d a y  aft er t h e p u m pi n g w as st art e d  (F i g ur e 2 8 .). P u m pi n g a b o v e 1 4 0  m etr e s t o o k 
pl a c e o n t h e first, f o urt h, fift h a n d si xt h p u m pi n gs ( S e cti o ns s 7. 5 . 1, 7.5 . 4, 7.5 . 5 a n d 7.5 . 7).  
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Fi g ur e 2 8 . O bs er v e d r es p o ns e s (fr o m t h e s o ut h e ast) d uri n g t h e p u m pi n gs in t h e u p p er  p art of O L -
K R 6 at d e pt hs u p t o 1 4 0 m.  O bs e r v ati o ns of t h e fi rst p u m pi n g ar e r e d , t h e f o urt h p u m pi n g  bl u e , 
t h e fift h li g ht br o w n a n d t h e si xt h y ell o w . T h e fi g ur e is  f r o m S E a n d is n ot t o s c al e. 
T h er e w er e sli g ht pr o bl e ms wit h  l e a k a g es, f or e x a m pl e, fr o m t h e u p p er  p a c k er  ( p ossi bly  
als o t h e l o w er p a c k er) t hr o u g h t h e b e dr o c k, w hi c h is d u e t o t h e l ar g e n u m b er of fr a ct ur es 
i n t h e u p p er p art of O L-K R 6.  
T h e se  u p p er -p art h y dr a uli c r es p o ns es c o ul d d e cr e a s e if t h e dist a n c e b et w e e n t h e drill h ol es 
i s l o n g e n o u g h. I n a dditi o n , t h e o bs er v ati o n of h y dr a uli c r es p o ns es i n t h e u p p er p art of 
b e dr o c k is m or e diffi c ult w h e n t h e gr o u n d w at er t a bl e is l o w er i n t h e s u m m er.  
T h es e o bs er v ati o ns  (F i g ur e 2 8 .) ar e  n o t p ossi bl e wit h o ut hi g h tr a ns mi ssi viti es i n t h e u p p er 
p art of t h e b e dr o c k , b ut t h er e s h o ul d b e e n o u g h fr a ct ur es f or t h e cr e ati o n of fl o wi n g r o ut es 
f or gr o u n d w at er  (S e cti o n  2. 2. 1) . I n t hi s c as e, t h e ori e nt ati o n of fr a ct ur es s h o ul d b e 
f a v o ur a bl e f or gr o u n d w at er t o fl o w i n t h e u p p er p arts of t h e b e dr o c k. T hi s l e a ds t o t h e 
h y p ot h e sis t h at t h er e a r e str o n g h y dr a uli c c o n n e cti o ns  in t h e u p p er p arts of t h e b e dr o c k 
i n t h e Ol kil u ot o  ar e a  c a u s e d b y c o nti n u o us h ori z o nt al fr a ct uri n g . If t h er e is n o l e a k a g e 
fr o m t h e l o w er p a c k er at O L -K R 6 ( w hi c h is i m p ossi bl e t o s a y), t he h ori z o nt al fr a ct uri n g 
c o ul d  e v e n  r e a c h u p t o a p pr o xi m at el y 2 5 0  m etr e s. Th e l o w est r es p o ns e at  O L -K R 1 9 
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d uri n g t h e si xt h p u m pi n g w as at  s e cti o n L 3 , w hi c h is at d e pt hs of 2 4 9 – 2 6 3 m a n d a v erti c al 
d e pt h of 2 5 0  m etr e s. 
T his o bs er v ati o n a p p e ar s at l e ast in N T U ( S e cti o n  3. 1) w h er e t h e pl a n ar str u ct ur al 
el e m e nt s ar e c o m m o n , a n d it s h o ul d b e t a k e n i nt o c o nsi d er ati o n in t h e n e xt u p d at e of t h e 
h y dr o g e ol o gi c al m o d el of  t h e Ol kil u ot o sit e.  
If t h e pr es e nt e d h y p ot h esis is c orr e ct , it l e a ds t o t h e f a ct t h at t h e i nfiltr ati o n a n d 
gr o u n d w at er f l o w t o t h e r e p osit or y l e v el c a n t a k e m or e ti m e t h a n w as ass u m e d. I n t hi s 
w a y , t h e o bs er v ati o n of a  h ori z o nt al fr a ct ur e n et w or k in t h e u p p er p arts of t h e b e dr o c k 
s h o ul d  als o b e  t a k en  i nt o c o nsi d er ati o n i n h y dr o g e o l o gi c al a n d h y dr o g e oc h e mi c al 
m o d elli n g in  t he f ut ur e.  
O n t h e ot h er h a n d , h ori z o nt al fr a ct uri n g  c o ul d als o aff e ct t h e a m o u nt of i nfiltr at e d 
gr o u n d w at er fr o m K or v e ns u o r es er v oir ( S e cti o ns  2. 2. 1 a n d 3. 6)  or at  l e ast t h e fl o w p at hs  
of i nfiltr at e d w at er . T h e i nfiltr ati o n pr o c ess fr o m K or v e ns u o r es er v oir h as  b e e n st u di e d 
( e. g. K ar v o n e n 2 0 1 3 ; V aitti n e n et al. 2 0 1 8) , b ut  t h e r es ult s c a n b e ass ess e d f urt h er b as e d 
o n t h es e fi n di n gs . 
T his h ori z o nt al fr a ct ur i n g h y p ot h esis  in t h e u p p er p arts of t h e b e dr o c k c a n  als o  aff e ct t h e  
s af et y ass ess m e nt  of t h e fin al dis p os al of s p e nt n u cl e ar f u el. Gl a ci al a n d p er m afr ost 
p eri o ds c a n b e s ai d t o b e e x p e ct e d  o n t h e f ut ur e ( P osi v a 2 0 1 2 c ). If t h er e is a  " w ar m -
b ott o m "  gl a ci er in t h e f ut ur e i n t h e Ol kil u ot o  ar e a , t h e n t h er e will b e  fl o wi n g a n d hi g h -
pr ess ur e  w at er u n d er t h e gl a ci er. D u e t o t h e w ei g ht of t h e gl a ci er , m elt w at ers mi g ht 
i nfiltr at e i nt o d e e p b e dr o c k d u e t o h y dr a uli c gr a di e nt diff er e n c es b et w e e n ar e as u n d er 
gl a ci er a n d ar e as wit h n o i c e c o v er ( P osi v a 2 0 1 2 c).  T h e  h ori z o nt al fr a ct ur i n g c o ul d c a us e 
h y dr a uli c dis p ersi o n as  pr ess ur is e d gr o u n d w at er fl o ws al o n gsi d e t h e h ori z o nt al fr a ct ur es 
a n d d o es n ot i ntr u d e d e e p er i nt o t h e b e br o c k (a c c or di n g t o P osi v a ( 2 0 1 2 c), t h e i m p a cts of 
ol d er gl a ci al m elt w at er s ar e n ot s e e n n o w a d a ys b el o w 3 0 0  m etr e s), at l e ast, n ot as m u c h 
as e arli er m o d ell e d ( P osi v a 2 0 1 2 c ). O n t h e ot h er h a n d , t h e g e o m e c h a ni c al pr o p erti es of 
t h e b e dr o c k mi g ht b e diff er e nt at t h e ti m e . F or e x a m pl e, s o m e of t h e fr a ct ur es c o ul d b e 
cl os e d d u e t o t h e w ei g ht of t h e gl a ci er , es p e ci all y n e ar t h e gr o u n d  s urf a c e .  
 
9 0  
 
T his t h esis c o ul d  als o h el p t o m o d el a n d u n d erst a n d t h e eff e cts of t h e r o c k  cr us hi n g ar e a 
o n Ol kil u ot o . O xi d ati o n of s ul p h at es is t a ki n g pl a c e o n t h e gr o u n d ( P osi v a 2 0 1 2 b). T his 
h ori z o nt al fr a ct uri n g c a n aff e ct t o w hi c h d e pt h t h e S O 4  ri c h w at er is i nfiltr ati n g i. e. is t h e 
gr o u n d w at er fl o wi n g h ori z o nt all y aft er i nfiltr ati o n n e ar s urf a c e or is it fl o wi n g t o d e e p er 
h ori z o ns. All i n all , t h er e ar e m a n y ot h er f e at ur es aff e cti n g t hi s i nfiltr ati o n: ot h er 
fr a ct uri n g, h y dr o g e ol o gi c al z o n es, dr a w d o w ns c a u s e d b y c o nstr u cti o n et c.  
F or  m o d elli n g p ur p os es , t h e c o nti n uit y of t h e u p p er p arts of t h e h y dr o g e ol o gi c al z o n es 
s h o ul d b e r e vi e we d  a g ai n. Ar e t h e u p p er p arts of t h e h y dr o g e ol o gi c al z o n es as p art of t h e 
h ori z o nt al fr a ct uri n g s yst e m or ar e t h e h y dr o g e ol o gi c al z o n es t h eir o w n u nit s 
dis c o n n e ct e d fr o m t h e u p p er fr a ct ur e n et w or k s yst e m ? Wit h t h es e o bs er v ati o ns c oll e ct e d 
fr o m t h e i nt erf er e n c e t est, it s h o uld  b e ass u m e d t h at b ot h t h e u p p er p arts of t h e 
h y dr o g e ol o gi c al z o n es a n d t h e u p p er fr a ct ur e n et w or k ar e i n s o m e ki n d of i nt er a cti o n wit h 
e a c h ot h er ( S e cti o ns 7. 5 . 1, 7.5 . 4, 7. 5 . 5 a n d  7. 5 . 7). T his ass u m pti o n is b as e d o n t h e f a ct 
t h at t h e p u m pi n g at t h e u p p er p arts of O L-K R 6 w as s e e n b o t h i n t h e h y dr o g e ol o gi c al 
z o n es a n d i n t h e h ori z o nt al fr a ct uri n g (e. g.  S e cti o n  7. 5 . 4). T his c o ul d als o b e o n e r e as o n 
f or t h e di mi ni s hi n g of t h e h y dr a uli c r es p o ns e b et w e e n O L -K R 6, -K R 1 2 a n d -K R 4 2  i n t h e 
O L -H Z L 4 z o n e d uri n g t h e si xt h p u m pi n g ( S e cti o n  7. 5 . 7). 
T h e c orr e cti o n f a ct or of t h e n at ur al fl u ct u ati o n s h o ul d p er h a ps b e r e vi e we d . N o w a d a ys, 
t hi s c orr e cti o n f a ct or is b as e d o n n at ur al fl u ct u ati o n d at a fro m t h e 1 1 s h all o w h ol es a n d 
d at a fr o m fi v e diff er e nt E P -L 4 s e cti o ns ( P e ntti 2 0 1 9) as dis c uss e d in S e cti o n  5. 1. 5. It 
s h o ul d b e c o nsi d er e d w h et h er  t h e gr o u n d w at er s yst e m b el o w t h e h ori z o nt al fr a ct uri n g h a s  
a diff er e nt ki n d of fl u ct u ati o n t o t h e u p p er p arts of t h e b e dr o c k. It h a s als o b e e n dis c uss e d 
b y P e ntti & V aitti n e n ( 2 0 1 8) t h at t h e ti m e s eri es of n at ur al fl u ct u ati o n h a s  str o n g li n e ar 
c orr el ati o n t o m ost h y dr a uli c h e a d d at a fr o m drill h ol es o n Ol kil u ot o  wit h t h e e x c e p ti o n 
of t h e v er y d e e p est p a c k er s e cti o ns.  
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9  S U M M A R Y  
T his t h esis pr es e nt e d t h e pl a n ni n g a n d e x e c uti o n of a n i nt erf er e n c e t est. T h e o bs er v e d 
h y dr a uli c r es p o ns es d uri n g t h e t est w er e  pr es e nt e d a n d vis u al is e d i n t hi s t h esis. T h e ai m 
of t h e  t h esis w as t o gi v e s ug g esti o ns f or a n u p d at e of t h e h y dr o g e ol o gi c al m o d el n e ar O L -
K R 6. T h e m ost si g nifi c a nt r es ult of t hi s t h esis w as t h e h y p ot h esis of a  h ori z o nt al 
fr a ct uri n g in t h e u p p er  p arts of t h e b e dr o c k , at  l e ast i n t h e n ort h er n p arts of Ol kil u ot o 
Isl a n d.  
T h e t h esis first  pr es e nt e d b a c k gr o u n d k n o wl e d g e of t h e h y dr o g e ol o g y a n d g e ol o g y. Aft er 
t h at, b asi c i nf or m ati o n of t h e Ol kil u ot o sit e a n d P osi v a's i n v esti g ati o n e q ui p m e nt a n d  
m et h o ds w er e  pr es e nt e d. T h e l o n g -t er m p u m pi n g t est at  O L -K R 6 ( o n w hi c h t h e 
i nt erf er e n c e t est i s b as e d) a n d it s r es ult s w er e t h e n dis c uss e d.  
Aft er t h at t h e pl a n ni n g a n d e x e c uti o n (fi el d w or k) of t h e i nt erf er e n c e t est w er e pr es e nt e d 
a n d dis c uss e d , t h e n dis c u ssi o n  of t h e r es ult s of t h e t est w er e pr es e nt e d a n d, b as e d o n t h e 
r es ult s, s u g g esti o ns f or a n u p d at e of t h e h y dr o g e ol o gi c al m o d el w er e pr es e nt e d.  T his 
t h esis di d n ot t a k e i nt o a c c o u nt t h e c osts of t his ki n d of i nt erf er e n c e t est. 
T h e h y p ot h esis of t h e h ori z o nt al fr a ct ur e n et w or k w as b as e d o n o bs er v ati o ns d uri n g t h e 
first, f o urt h, fift h a n d si xt h p u m pin g. T h e c o nti n u ati o n of t h e h y dr o g e ol o gi c al z o n es i n 
t h e ar e a of t h e fr a ct ur e n et w or k was  dis c us s e d . Th e c o n cl usi o n w as t h at t h e 
h y dr o g e ol o gi c al z o n es ar e i nt e gr at e d i nt o t h e h ori z o nt al fr a ct ur e n et w ork  i n t h e u p p er 
p arts of t h e b e dr o c k.   
It w as n oti c e d t hat t h e h y dr o g e ol o gi c al m o d el of O L -K R 6 is v ali d i n t h e c as e of t h e 
h y dr o g e ol o gi c al z o n es. S u g g esti o n s f or i m pr o v e m e nt of t h e h y dr o g e ol o gi c al m o d el 
i n cl u d e c o nsi d er ati o n of w h et h er t h e h ori z o nt al fr a ct ur i n g s h o ul d  b e i n c or p or at e d i nt o t h e 
m o d el a n d , o n t h e ot h er h a n d , w h et h er t h e s e p ar ati o n of H Z L 4  i nt o t w o diff er e nt p arts 
s h o ul d b e c o nsi d er e d .  
H Z L 4 s e p ar ati o n w o ul d b e us ef ul b e c a us e of t h e distri b uti o n of h y dr a uli c r es p o ns es at  
H Z L 4. P ossi bl e s e p ar ati o n of  h y dr o g e ol o gi c al z o n e  H Z L 4 w o ul d b e d o n e b as e d  o n th e 
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f a ct t h at t h e h y dr a uli c r e s p o ns e fr o m O L-K R 4 2 P F L D O P P m e as ur e m e nt w as o bs er v e d 
o nl y at  O L -K R 1 2 s e cti o n L 6  a n d , o n t h e ot h er h a n d , t h e h y dr a uli c r es p o ns e s of O L-K R 6 




9 3  
 
R E F E R E N C E S  
A alt o n e n, I (e d.), E n gstr ö m, J., Fr o nt, K., G e h ör, S., K os u n e n, P., K är ki, A., P a a n a n e n, 
M., P a ul a m ä ki, S. & M attil a, J. 2 0 1 6. G e ol o g y of Ol kil u ot o. P osi v a -r e p ort 2 0 1 6-1 6. 3 9 8 p. 
I S B N: 9 7 8-9 5 1 -6 5 2 -2 4 4 -2  
A alt o n e n, I  (e d.), L a hti, M., E n gstr ö m, J., M attil a, J., P a a n a n e n, M., P a ul a m ä ki, S., G e h ör, 
S., K är ki, A., A h o k as, T., T or v el a, T. & Fr o nt, K. 2 0 1 0. G e ol o gi c al m o d el of t h e 
Ol kil u ot o Sit e - v ersi o n 2. 0. W or ki n g r e p ort 2 0 1 0 -7 0. P osi v a O y, E ur aj o ki , Fi nl a n d. 5 8 0 p.  
A h o k as, H., P öll ä n e n, J., R o u hi ai n e n, P. & K u us el a -L a hti n e n, A. 2 0 1 2. Q u alit y R e vi e w 
of tr a ns mi ssi vit y d at a fr o m Ol kil u ot o Sit e –  Drill h ol es O L -K R 1 –  K R 5 7 . W or ki n g r e p ort 
2 0 1 2 -9 9. P osi v a O y, E ur aj o ki, Fi nl a n d . 3 9 2 p. 
A h o k as, H., T a m mist o, E. & L e hti m ä ki, T. 2 0 0 8. B as eli n e h e a d i n Ol kil u ot o. W or ki n g 
r e p ort 2 0 0 8-6 9. P osi v a O y, E ur aj o ki, Fi nl a n d . 1 9 1 p. 
A h o k as, H., V aitti n e n, T., T a m mist o, E. & N u m m el a, J. 2 0 0 7. M o d elli n g of h y dr o -z o n es 
f or t h e l a y o ut pl a n ni n g a n d n u m eri c al fl o w m o d el 2 0 0 6. P art 1.  W or ki n g R e p ort 2 0 0 7 -
0 1. P osi v a O y, E ur aj o ki, Fi nl a n d . 2 1 2 p. 
Al h o n m ä ki -A al o n e n, S. 1 9 9 9. I nst all ati o n of m ulti -p a c k er s yst e ms i nt o b or e h ol es at 
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A P P E N DI C E S  
A p p e n di x 1. H y dr o g e o c h e mi c al  r es ult s of t h e l o n g -t er m p u m pi n g t est o n O L-K R 6 . 

















S a m pl e d at e ( d d m m y y)















































S a m pl e d at e ( d d m m y y)
6 0 5 0
6 1 0 0
6 1 5 0
6 2 0 0
6 2 5 0
6 3 0 0





































S a m pl e d at e ( d d m m y y)
9 5 0
1 0 0 0
1 0 5 0
1 1 0 0
1 1 5 0
1 2 0 0





































S a m pl e d at e ( d d m m y y)
2 6 0 0
2 6 5 0
2 7 0 0
2 7 5 0
2 8 0 0
2 8 5 0





































S a m pl e d at e ( d d m m y y)
 










































































































































































































































S a m pl e d at e ( d d m m y y)
- 1 0. 0 0
- 9. 9 0
- 9. 8 0
- 9. 7 0
- 9. 6 0
- 9. 5 0
- 9. 4 0











































S a m pl e d at e ( d d m m y y)
 




















































S a m pl e d at e ( d d m m y y)



































































































































































S a m pl e d at e ( d d m m y y)
O L- K R 6 _ 9 7, 5- 1 0 0, 5 _ br a c kis h _ S O 4 O L- K R 6 _ 1 2 5- 1 3 0 _ br a c ki s h _ S O 4
O L- K R 6 _ 1 3 4- 1 3 7 _ br a c ki s h _ S O 4 O L- K R 6 _ 1 2 5- 1 3 0 _ br a c ki s h _ Cl









































































































S a m pl e d at e ( d d m m y y)
 




1 0 0 0
1 5 0 0
2 0 0 0
2 5 0 0
3 0 0 0
3 5 0 0
4 0 0 0
4 5 0 0









































S a m pl e d at e ( d d m m y y)
0
5 0 0
1 0 0 0
1 5 0 0
2 0 0 0












































































































































































































































































































































S a m pl e d at e ( d d m m y y)
 



























































S a m pl e d at e ( d d m m y y)
- 1 5. 0 0
- 1 4. 0 0
- 1 3. 0 0
- 1 2. 0 0
- 1 1. 0 0
- 1 0. 0 0
- 9. 0 0
- 8. 0 0




































































































































































S a m pl e d at e ( d d m m y y)
O L- K R 6 _ 5 8- 6 0 _fr e s h/ br a c kis h _ H C O 3 O L- K R 6 _ 9 7, 5- 1 0 0 _fr es h/ br a c kis h _ H C O 3






























































































S a m pl e d at e ( d d m m y y)
 







































































































































































































































































































































































S a m pl e d at e ( d d m m y y)
 






















































S a m pl e d at e ( d d m m y y)
- 1 1. 6 0
- 1 1. 4 0
- 1 1. 2 0
- 1 1. 0 0
- 1 0. 8 0
- 1 0. 6 0










































































































































S a m pl e d at e ( d d m m y y)
 
1 0 6  
 
A p p e n di x 2.  T h e P F L D O P P r es ult s of O L -K R 4 2.  
 
1 0 7  
 
A p p e n di x 3. T h e r es ult s of t h e i nt er f er e n c e t est. Bl u e li n e o n t a bl es r e pr es e nts h y dr a uli c 
h e a d  ( m. a.s.l) i n t h e drill h ol e at  O L -K R 6, r e d li n e r e pr es e nts h y dr a uli c h e a d in t h e t est 
s e cti o n at  O L -K R 6, a n d gr e e n  li n e r e pr es e nts h y d r a uli c h e a d i nsi d e t h e p u m p c o nt ai n er. 
T h e h y dr a uli c h e a d v al u e s ar e pr es e nt e d as  m. a.s.l.   v al u es.  
 
































































































































































































































































































































1 0 8  
 
T h e s e c o n d p u m pi n g 8. – 2 1. 5.  
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T h e f o urt h p u m pi n g 1 0. – 2 3. 7.  T h e h y dr a uli c h e a d v al u e ( gr e e nli n e) is i n c orr e ct i n e arl y 
st a g es of p u m pi n g d u e t o t h e f a ct t h a t t h e p u m pi n g w as st art e d d uri n g t h e l a yi n g of t h e 





























































































































































































































































































































































1 1 0  
 
T h e fift h p u m pi n g 1. – 1 2. 8 . T h e h y dr a uli c h e a d v al u e ( gr e e nli n e) is i n c orr e ct i n e arl y 
st a g es of p u m pi n g d u e t o t h e f a ct t h at t h e p u m pi n g w as st art e d d uri n g t h e l a yi n g of t h e 
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T h e si xt h p u m pi n g 1 9. – 2 9. 8.  T h e h y dr a uli c h e a d v al u e ( gr e e nli n e) is i n c orr e ct i n e arl y 
st a g es of p u m pi n g d u e t o t h e f a ct t h at t h e p u m pi n g w as st art e d d uri n g t h e l a yi n g of t h e 
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A p p e n di x 4. G W M S -d at a fr o m t h e drill h ol es w hi c h w er e u n d er cl os e m o nit ori n g d uri n g 
a n i nt erf er e n c e t est.  It s h o ul d b e n oti c e d t h at t h e p u m pi n g ti m es ar e i ns ert e d t o pi ct ur es 
b y h a n ds, f or t his r e as o n t h e y s h o ul d c o nsi d er as a p pr o xi m at e. T h e y ar e i n t h e fi g ur es 
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